Etude de la Diffusion Compton Profondément Virtuelle sur le Nucléon avec le Détecteur CLAS de Jefferson Lab : Mesure des Sections Efficaces polarisées et non polarisées by Jo, Hyon-Suk
Etude de la Diffusion Compton Profonde´ment Virtuelle
sur le Nucle´on avec le De´tecteur CLAS de Jefferson Lab
: Mesure des Sections Efficaces polarise´es et non
polarise´es
Hyon-Suk Jo
To cite this version:
Hyon-Suk Jo. Etude de la Diffusion Compton Profonde´ment Virtuelle sur le Nucle´on avec le
De´tecteur CLAS de Jefferson Lab : Mesure des Sections Efficaces polarise´es et non polarise´es.
Physique Nucle´aire The´orique [nucl-th]. Universite´ Paris Sud - Paris XI, 2007. Franc¸ais. <tel-
00192414>
HAL Id: tel-00192414
https://tel.archives-ouvertes.fr/tel-00192414
Submitted on 27 Nov 2007
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destine´e au de´poˆt et a` la diffusion de documents
scientifiques de niveau recherche, publie´s ou non,
e´manant des e´tablissements d’enseignement et de
recherche franc¸ais ou e´trangers, des laboratoires
publics ou prive´s.

 
	 	 ﬀ ﬁﬂ
ﬃ  ﬀ  
!#"$   %&'()ﬃ	* ﬀ,+.-	/("
103254768ﬀ290;:<25=<>?476A@B	>;CD2FEE6HGA6HE:JI6;:K1ELNMO=P2FEE6HGA6HE:
QRTSﬂUWV XYV X[Z]\8Q^Z`_baQ
ced.fhgdjilkjd.mlnpoFqsrutvfhdjw3xvn
yWxzgk|{J}~d.n
il{PfnPmuh{ni}~
RBB;UWŁ 'Z
i?;xzuhnPmzd.Wk|n1;h}~lnvn
c'ghnPxlPf'gd.nPmlgnPf
vnkOWmld|;nPfhd|{q}~d.fxl* h¡£¢f}Pt
x<¤no
V¥vŁ¦e§[¦e§T¨© X«ª­¬Ł®3ª¯ \B° ±e¥¯ ²)³l¯´µB¦e¶9° §9·¥¹¸«ª­³v¥vŁe§D¨¨­§
®Ł'³b¨­§»º¼Ł½¾¨¶D¯ ©9¿À§9½Á¨­§[XY¶¥§9½£¥§9Łe³¼\,ÂpaU ¦§ÃÀ§¬Ä§³z®¯
Â
©Å Æ(Ç §9®vŁ'³l§[¦e§9®]UW§9½£¥ª¯®AVÈ ½©¯½5§9®¹±¨©³zª®3¶D§9®b§¥Ae¯
±¨©³lª®3¶D§9®
3;xvhnPm3xlnizxzlkjd.w3xlnPÉÊnPmuk.n#ËÌÍÉÎ}~f'Ï~ÐÑÐHÒ
vnﬃÑ}Ñmuk|n¤xz­tgﬃuÉÍi?;f{1vnÍo
ÓÔ ÕÖ×*ØÙ£Ú q{Ûfhd.lnPmu
ÓÔ ÜNÖÝÞeÖNßàâáNã3äâã3å ced.nPghnPxzlnæWrvÛfn
ÓÔ ç Ö¯è*é?ê<ëuìFí î}ÑiliF;hnPxl
ÓÔ ç Ö¯è*ØNàâáNéFä ï/ðz}~ÉÎd.m}<hnPxz
ÓÔ ßÖsñÎòDóJôõ¯ìFöÛó<÷ î}ÑiliF;hnPxl
ÓÔ ç ÖNø1éFíNáNãHêJ÷NéFã3ÙF÷Nã3í ï/ðz}~ÉÎd.m}<hnPxz
   	
 
ﬀﬁﬃﬂ
 !"#ﬀ$ﬀ&%&('&ﬁ)&*+%ﬁﬃ,ﬁ)-./0ﬁ)1ﬃ1)&%24365&1)1ﬃ78:9<;=7ﬀ,>?ﬀ@;=&A9CBﬁ)&&D
ﬀ7ﬂﬀEF&'79ﬀﬁ)&%&,G9Hﬁ)ﬀ&':9C(ﬁﬃ'&IJ1K?"#ﬀ?9CﬁﬃﬀL:9Mﬁ)ﬀ&':9C7MN1ﬃ8ﬁOPﬁﬃﬂﬀﬁ),QRNﬀ7'SB&('SB2TU79MV&WG1):3
%27,G9XR=1Y ZV&'71ﬃ[R4':9Cﬀ1ﬃ]\^EF_% `]ﬁﬃ_'SB>1)&(&ﬂ(&%&,G9[?'&'&R&ﬁﬃ1)1ﬃﬁG?aﬂﬀ7ﬁﬃ,8b1c !d6egfh
 `iNﬀﬂC]jk
Hﬀ&%&('&ﬁ)l],43me[ﬁﬃ&(ﬀH*Iﬁﬃ71ﬃ&nHEFg]ﬁﬃ[?'&'&7ER9CVL
 Zo79ﬀﬀL%,pﬁﬃ(&':9C&R[M9CBq7ﬂﬀ?DPEF
ﬂﬀ7ﬂl,R%r"(&4st'7,ﬂ(&ﬁﬃ1)ﬂL79lﬀ7%Q(-.&ﬂLﬂﬀRl'70%Q,.ﬂ('&(ﬁ)9]k
IC?ﬁﬃﬂ=us4Eﬀﬁ)%27b%,QV:9C7ﬀ,71ﬃ1ﬃlﬀ7'&,R,>ﬁﬃﬂ(ﬂC,R'&N7,.&(ﬂl5ﬁﬃ'SB71
/vﬁ)>1wE#b% !xﬁﬃ
y
ﬁ)9z'7,R{w,R'&=9ﬀR9[?a1ﬃ,W+='&&ﬂ|&(,ﬁﬃq7ﬀ&ﬂ|,,V7&ﬂ7DE#z9ﬀR9|'&=-.
 Zﬁﬃ1P% `IEE(ﬁﬃﬂ&D}1KLE>ﬂ(ﬂﬀﬁ),
-.
 !ﬁ)1>% !v9CC?,ﬂﬀ%ﬁﬃﬂ(D.1K0ﬁﬃﬂ(E#,ﬁﬃ"ﬁ)1ﬃﬁO9CV=:9=1c `?%2ﬁO9CﬁﬃVMx&'I1ﬃ&ﬂ(-.&1)1ﬃ&ﬂ~ﬁﬃ1>% !WRﬁﬃVL9C49=?Q1ﬃ,W8R
1Ka9ﬀBq&ﬂ(k#=
y
R9L,ﬁﬃ%%27,ﬂﬀvE(ﬁ)Pﬁﬃ1)q&W+
 `]ﬁﬃHV:9CV0ﬂﬀ,V79ﬀﬁﬃ,G9]k
R `Rﬀ&ﬂ(ﬂﬀ%27ﬂJﬀ7%27ﬀ'&ﬁ)&%&,G9Cﬂt'SB>?1ﬃ&Rﬀ&Ps79%,%2ﬁO9Cﬁ)V@4ﬁﬃ1OPﬁKflﬁﬃ'&'71K?ﬁ+-.ﬁ0h'&?3
&,'&(V%,9Cﬀx?ﬁ)1vŁ'&(ﬂt1ﬃhE>(9ﬀﬁﬃ,>?1)jPﬂﬀ1K9CBRq&ﬂﬀ79]7'-.ﬁ=7 !ﬁv&Ł,
ﬁﬃ%%27,ﬂﬀ+E1Kﬁ)ﬂﬀﬁ)Mr9Cﬀx?ﬁ)1ﬃ1)&&k
NRCﬁ)ﬂHﬀ&%&('&ﬁ)&H9Cﬁ)&,,Rv+WVvEF=% !]ﬁ)
y
ﬁ)9=1Y ZB,,R&HvERﬀV&ﬂ(ﬁﬃ7H1ﬃ~(R(j<R
9CBq7ﬂﬀ?D>E#Rlﬂﬀp1ﬃ&':9C(?9ﬀ9ﬀ&,G9CﬁO00'&0%2,.ﬂﬀ'7ﬀﬁ)9L:9lﬂﬀ&ﬂl,%a"ﬀ7ﬂﬀ7ﬂI(&%2ﬀ-.7ﬂ&k
Hﬀ&%&('&ﬁ)=9C(q&ﬂ['SB>1)&(&ﬂ(&%&,G9=5ﬁﬃ'SBR&1w/0ﬀ7,79g*IﬁﬃﬀaLjP'S."Fﬂﬀ'SB2E#R[]ﬁ)['&'7&ER9ﬀV

 Zo79C(1ﬃ&ﬂtﬀEEF(9ﬀ&(ﬂ%29CBq7ﬂﬀ%21)WﬀV1)&(ﬂt&%E1ﬃﬁ)ﬂ<9C7%2Eﬂt9C(q&ﬂt'SB>(WV&ﬂ7DIEF
1ﬃ7ﬀﬂERﬀV&'7ﬁﬃ7ﬂﬀ7ﬂb(&%2ﬀ-.7ﬂ~-.ﬁR,G9gE#7ﬀ%ﬁﬃﬂ
 !%V&1)ﬁﬃ(&|1)M%2,.ﬂﬀ'7ﬀﬁ)9&k.MC?ﬁﬃﬂ[V&W1ﬃ7%27,.9
9CV7%2ﬁ)W,7Q%2Wﬀ?9CﬁO9C79t%,%ﬁ)9ﬀﬁﬃV&,G7ﬀﬂ5ﬁ)'SB&10/0(&,EF<% !xﬁﬃ
y
ﬁ)9
"#V7,V7{'&ﬁﬃ7L8ﬂ(&ﬂl'&,R,>ﬁﬃﬂ(ﬂC,R'&&ﬂl79lﬂﬀ,usREFV&(ﬁﬃ7,'&8'&(ﬂIR%,J9Cﬀ]?ﬁﬃ1Yk8(&%&('&ﬁﬃ
*+ﬁﬃ(tLjP'S."Fﬂﬀ'SBEF+1ﬃ'7,R{w?,'&r-.
 Zﬁﬃ1z% `'7'&(&,% `'7'&7ER9S,G9Nﬂ(&ﬁﬃ,aﬂ(,WﬀE#
E#H1ﬃ7ﬂHEﬀP'SB>ﬁ),&ﬂl,,RV&&ﬂ7k
R `Rﬀ&ﬂ(ﬂﬀ8%27ﬂIﬂ(ﬁﬃ,'7q&ﬀ7ﬂ+(&%&ﬀ'7ﬁﬃ7%27,.9ﬀﬂ+25('~?,&(B>7WB&,E#RI% `]ﬁﬃ
y
ﬁO9l1Y ZB,43
,&RlR
y
?ﬁﬃﬀ+E>(9ﬀﬁﬃvr(AjJ79LEFH9CR9C7ﬂlﬂ(&ﬂl'&,G9ﬀﬀﬁﬃ"RR9Cﬁ),ﬂ&k
[ﬀ&%&('&ﬁ)9CR9ﬀ&ﬂ^1)&ﬂ^EF&ﬀﬂ(,,7ﬂzL1c !d6egf-.ﬁ,.9_'7,G9C(ﬁﬃ"VgH1ﬃM'&,'7&ER9ﬀﬁﬃ,0:9_1KM'&,ﬂ(9ﬀﬀ'u3
9Cﬁ),ap'&1ﬃﬀﬁﬃ%q79ﬀﬀ~V&1)&'79ﬀﬀ%2W,RV79Cﬁ)-.M*MIH#DG]&'H-.ﬁ}7 !ﬁP&V&,ﬀ%V&%&,G9=E1Kﬁ)ﬂﬀﬁ)|I9ﬀC}3
?ﬁﬃ1)1ﬃ&I>1ﬃ7ﬂH%27%r"ﬀ7ﬂLﬂ(&A4ﬁ)'&8I0**+V79ﬀ&':9Cﬁﬃ,>7,E>?(9Cﬁ)'&1)ﬁﬃ7L471_eX49CB>ﬂ7DFg%%2,.&1
lﬁ),71YDHBR%Q?ﬂ~&ﬀW&(Cﬂg79~,ﬀ7%27ﬀ'7ﬁﬃ&%&,G9~ﬂﬀEFV&'7ﬁK18e[Bﬁ)1ﬃﬁﬃERE#=lﬂ(ﬁﬃ7
G1ﬃ7ﬂ[%27%r"ﬀ7ﬂg
4&APﬁﬃ'&0[1)&'79ﬀﬀ,Rﬁﬃ-.ve[BGjPﬂﬀﬁﬃ-.R7,tE>(9ﬀﬁﬃ'71ﬃﬁ)&H&, ^v;=ﬀﬁ)ﬂH79L[%%Q?,PR&1^l1Oj+479L&,4{>,
1ﬃ7ﬂH%27%r"ﬀ7ﬂL01Y !?9C71ﬃﬁﬃ7=%V&'&,ﬁﬃ-.?k
ﬁﬃﬁﬃﬁ
MﬂﬀRB>ﬁ)9ﬀMﬀ7%27ﬀ'7ﬁﬃ&X9Cﬂ|1ﬃ&ﬂ|%27%r"ﬀ7ﬂ79gus.3m%&%r"(&ﬂRpWﬀRE#He lvR-.X7 !ﬁP&1ﬃ
E1K?ﬁﬃﬂﬀﬁ)gN'?9Cxj7HC?,.9M'&&ﬂHR&ﬀ,Rﬁﬃq&(&ﬂL,R,V&7ﬂv>'7-PR&ﬂL+A4ﬁ)&4s#DR _ﬁﬃﬂ=;=ﬁﬃ%r"F9&DR5ﬀ,
[1O3b?"RﬁYD. ^ﬁﬃ,R&1|ﬁ)'SB&,
D4L"#7(9>Cﬂ('](ﬁKRDG[ﬁ)	 IC,GjDRL,>1)
v,R,DR5,ﬁ)-.N _43
,>]jDwﬀ,5?ﬂ&D*I%2ﬁ),ﬁﬃ-.Q5('SB>,Dg5('&&1M5(1ﬃ79&D4ﬀiN,WRDlxjP%,	PLﬀ,D
'&-.7ﬂ~?,R ﬁ)&1)D
:98ER1ﬃﬂvE>?(9Cﬁ)'&1)ﬁﬃq7ﬀ&%&,G9.j41O?ﬁﬃ,;='SBﬁﬃW,.jDXbj4,G9ﬀBﬁK +?}(ﬁﬃ>?Pﬁ)ﬂ&D
5(ﬁﬃ,5'r=ﬀ%ﬁﬃ'SJ:9vP9ﬀ7&,5(ﬀ0k#;=,,8'&,G9ﬀﬁﬃ,.>?9ﬀﬁﬃ,>,ﬂI1ﬃ7ﬀﬂL9CBq7ﬂﬀ7ﬂv2IB%27
79l;=ﬀBﬁ)%k
5&ﬂH(&%&ﬀ'7ﬁﬃ7%27,.9ﬀﬂb,G9L&,ﬂ(ﬁ)9ﬀvr,ﬂM'71ﬃ1)q&WR&ﬂ=RRe[B>f ]7'v-PRﬁP7 `?ﬁ#7J,Jﬁﬃ%%27,ﬂﬀ
E1K?ﬁﬃﬂﬀﬁ)N9Cﬀ]?ﬁﬃ1ﬃ1)&b.'&-.7ﬂM;M?1ﬃ1YD?Lﬁ)9Sv*IN5?ﬂﬀﬁYD*+ﬁK,RL*+ﬀV?Dwﬀ,7ﬁﬃﬂ63v]Pﬁﬃ7g/vﬁﬃﬀP
D],P3
5('0 z?W79l79L7,R{>,wﬀ,'St4">?9ﬀﬁﬃVvEFHﬂﬀ7ﬂI,R%r"(&4st'7,ﬂ(&ﬁﬃ1)ﬂ&k
tﬀﬁﬃﬂV7WG1ﬃ7%27,G9ﬀ&%&('&ﬁ)&p1ﬃJ(&ﬂA9Ct1K'&%%r,R9CV
y
ﬀ,&ﬁﬃﬂ(-.a7 !ﬁH&$1ﬃ
E1K?ﬁﬃﬂﬀﬁ)gv'9ﬀxj&Lr#&ﬀﬂ(, _"
DR:9H&,tE>?(9Cﬁ)'&1)ﬁﬃ7l4+1):sR,(M%ﬂﬀ,,RD>M?ﬀ1ﬃﬂL5 n
M%2'SBDw51ﬃ7t5n7nDwe[ﬁ)&ﬀ(:3g&ﬂl;=7(9ﬀﬁﬃ,
DFM?9ﬀB&(ﬁﬃ,ﬀ>7ﬀﬁ^:9+[(ﬁﬃ'NgR9ﬀﬁﬃ7&k
(&%&('&ﬁﬃa'SB>1ﬃ7ﬀ7ﬂﬀ7%27,G9a,ﬂ'71ﬃ1)q&WR&ﬂN2ﬁ7ﬀﬂﬀ, _"EFv1ﬃ70'7'&7ﬁﬃ1:981)&
EﬀV7'&ﬁ)&ﬂ(+'&1ﬃ1K?"#ﬀ?9Cﬁ),
D}79=E1ﬃﬂ~E>A9Cﬁ)'&1)q&ﬀ7%27,G9IGg1)7=;=Rﬀ7(9&DR _?9ﬀﬁ
y
0[1ﬃBﬀﬁ)BﬁYDGP9Cu3
E>,QP9C7E>,GjG?,
D +(R9~z?Wj,
D.Lﬂ(9C%fLjGn7 FDP79g9CR9C7ﬂ~1)&ﬂ~R9ﬀﬀ7ﬂbEF&(ﬂﬀ,,R&ﬂ~,,'&ﬁ)9ﬀV&7ﬂ
ﬂC,Rﬂl-.ﬁ^'7v9CC]?ﬁ)1
,
 !C?ﬁ)9HV:9CV0E#ﬂﬀﬂﬀﬁ)"1ﬃ?k
rRCﬁ)ﬂRV&ﬁ)&v%2Q9CBq7ﬂﬀ<9Cﬂ0%&ﬂvE(4'SBR&ﬂ&D^:9E1ﬃﬂvﬂ(E#V7'&ﬁﬃ1ﬃ7%27,.9vt%&ﬂvEﬀ7,.9ﬀﬂ
-.ﬁ,G9M9ﬀ}(RﬀﬂMV:9CVNE(V&ﬂ(&,G9CﬂLEF=%+ﬂ(R9ﬀ&,ﬁ)&DR% !ﬁﬃ7b:9H% !7,'&RCW7&kN,N1)&ﬂM(&%&A3
'&ﬁ)&C?ﬁPﬀ%2ﬁﬃﬂH?ﬂﬀﬂﬀ7naEFH9CR9L'&-.
 !ﬁ)1ﬃﬂ
y
,G9lE#L%2ﬁck>57ﬀ'7ﬁX%2
y
?%2ﬁ)1ﬃ1ﬃ?DP%&ﬂl%ﬁﬃﬂ7k>9
{>,>1)&%&,G9v%&('&ﬁ[>ﬀ7ﬁ ﬀ<EFvﬂﬀ,ﬂ(R9ﬀﬁﬃ&,:98ﬂﬀJE>?9Cﬁ)&,'7pﬀ,G981)&ﬂv7ﬀ,ﬁ)&(ﬂv%2ﬁ)ﬂN1K
9CBq7ﬂﬀ?D>79lE#H1ﬃv"F,B7L-.
 !71ﬃ1)% !EEF(9ﬀk
=&ﬂN7ﬀ,ﬁ)q&(&ﬂN?,,V&7ﬂ
y
(&,G9Nﬁ),"1)ﬁK"R1ﬃ&ﬂvFE1)&ﬁﬃ,R&ﬂl
 !7,ﬂﬀ7ﬁﬃW,R&%&,G9]D#a(&,'7,G9Cﬀ7ﬂN&,RﬀﬁO3
'SBﬁﬃﬂ(ﬂC,G9ﬀ&ﬂ&D4+RV&'&R7(9C7ﬂH+ExjPﬂﬀW&ﬂ=,R]4s#kﬃﬂI,lV&(ﬁ)9C"1ﬃl79bE>ﬂ(ﬂﬀﬁ),,>,G9ﬀN]7,.9ﬀﬀ?k
ﬁO
  
   

 @
	



 ﬀ
ﬁﬂﬃ "!$#%&' ﬃ (
) ç ì+*Ûà-,lé+*Ûà7ìFíö/.N÷¾òDöPà-0ØNã3ö 1
( 2435!%'64#%7' ﬃ8!:9<;=
& ﬃ$?>ﬃ;3@&' ﬃ$Aﬀ%=ﬀ#%7CBﬃ
DE
F!%ﬀG7H'I$#J' ﬃ$K!J
ML%3N ﬃ% O
P
k
P
=ﬁﬃ,V7%Q}9Cﬁﬃ-.vR&ﬂLﬀV&'79ﬀﬁﬃ,ﬂLﬁ),'&1)ﬂﬀﬁO&ﬂ kk8kk8k0kk8kkk8kk8kkkkkk8kk8k Q
P
kSR 4&':9Cﬁ),tGT']'7 k8kk8kkk8k0kk8kk8kkk8kk8k0kk8kkk8kk8kkkkkk8kk8k U
P
kWV  ^%Pq&1)N&ﬂlE>A9C,Rﬂ kk8k0kk8kk8kkk8kk8k0kk8kkk8kk8kkkkkk8kk8k X
P
kZY >,'79ﬀﬁﬃ,RﬂH0ﬂ(9C('79ﬀﬀEF1K(ﬁﬃﬂ(V&&ﬂ k8kkk8kk8k0kk8kkk8kk8kkkkkk8kk8k
P&P
P
kS[ lq7W1ﬃ7ﬂH0ﬂﬀ%% kk8kkk8k0kk8kk8kkk8kk8k0kk8kkk8kk8kkkkkk8kk8k
P&P
\
24
];3@& ﬃ%]
^J=#%7'Bﬃ
_
`=
]!$G'Ia#"' ﬃ$_!J
bL%3N ﬃ$]cd;%;3@=ﬀﬂ;
 (e
R4k
P
=ﬁﬃ,V7%Q}9Cﬁﬃ-.vR&ﬂLﬀV&'79ﬀﬁﬃ,ﬂLusR'71ﬃﬂ(ﬁ)&ﬂ kk8kk8k0kk8kkk8kk8kkkkkk8kk8k
P
V
R4kSR  ^
y
ﬀ%21ﬃﬁ)ﬂﬀ%I7ﬂIRﬁﬃﬂ(9ﬀﬀﬁ)"R9Cﬁ),ﬂMRE(9ﬀ,ﬂLWV&,RV&C?1ﬃﬁﬃﬂ(V&7ﬂTY/0e~*IﬂS\ kkk8kk8k
P
Y
R4kWV  ^ﬁﬃ&,]7'81)&ﬂLﬁ)ﬂ(9C(ﬁﬃ"49Cﬁﬃ,ﬂM0E>A9C,RﬂH*IdA79L(q&W1)&ﬂL0ﬂﬀ%2%2kkk8kk8k
P7f
R4kZY +%E1ﬃﬁO9CRN79lﬂﬀ7'79ﬀﬁﬃ,tGT'&'&*HIH k8kk8k0kk8kkk8kk8kkkkkk8kk8k
P
X
e 	;7#$=C3g_
^Lh;
3@#"^i;Dj

\
e
)D) kml.éFó;óuÚ3äâÚHê<é+*Ûã3ØêonÕqp
×sr ãt*8ä7ã«áNÚt*Ûã3óﬃ*Ûã3Ø/êun8kB×wv áNã Ü¾ãx¯ãHê<öPìFí
kÀé?õ y+z
( 2K9<3@j;=';3g7
D#Jq{?|~}m e"(
P
k
P
dm,}(&':9Cﬁ),t
y
?ﬁﬃﬂﬀ'7]
 ZV&1)&'79ﬀﬀ,Rﬂ@kk8kkk8kk8k0kk8kkk8kk8kkkkkk8kk8kV&V
P
kSR H'&'7V&1ﬃV7C?9ﬀﬁﬃ,t
y
ﬁ)ﬂﬀ'&& k8k0kk8kk8kkk8kk8k0kk8kkk8kk8kkkkkk8kk8kVHY
P
kWV *+ﬁﬃﬂA9C(ﬁﬃ"R9ﬀﬁﬃ,
y
ﬁﬃﬂ('&&>,ﬂ+1ﬃ&ﬂV  +1)1ﬃﬂ+us4E#V7ﬀﬁﬃ%&,G9C4s  +?1ﬃ1zaD  I1ﬃ1|;+D
 +1)1_ k0kk8kkk8kk8kkk8k0kk8kk8kkk8kk8k0kk8kkk8kk8kkkkkk8kk8kVj[

\24
 !J;
&
#%5{ 2   eO
R4k
P
 ^'SB%2Et%2W,V:9Cﬁ)-PRN9C( >?1Hk8kk8kkk8kk8k0kk8kkk8kk8kkkkkk8kk8kV&X
R4kSR  ^&ﬂL'SB>%r"Rﬀ&ﬂIpV&(ﬁ) kk8k0kk8kk8kkk8kk8k0kk8kkk8kk8kkkkkk8kk8k Y
P
R4kWV  ^&ﬂLﬂﬀ'7ﬁﬃ,G9Cﬁ)1ﬃ1K}9C&RﬀﬂMv9ﬀ&%EﬂLv1 k8kkk8kk8k0kk8kkk8kk8kkkkkk8kk8k YjV
R4kZY  ^&ﬂL'&%ER9ﬀ&(ﬂ=7ﬀ7,x k8k0kk8kk8kkk8kk8k0kk8kkk8kk8kkkkkk8kk8k Y[
R4kS[  ^&ﬂL']1)ﬀﬁ)%2q:9C(&ﬂMV71ﬃ&':9C(%Q?W,V79ﬀﬁﬃ-.7ﬂkkk8kk8k0kk8kkk8kk8kkkkkk8kk8k YQ
R4k
f
 ^ﬂAjPﬂ(9Cq7%20V7'&1ﬃ7,'SB7%27,.9 k8kk8kkk8kk8k0kk8kkk8kk8kkkkkk8kk8k [
R4kSQ  ^ﬂAjPﬂ(9Cq7%2
 !'&-.ﬁ)ﬂﬀﬁO9Cﬁﬃ, k8k0kk8kk8kkk8kk8k0kk8kkk8kk8kkkkkk8kk8k [
P
)D)) í íNìFØ ,Fã3éFØ óuéFäâì?ê<à
	t*Pê<ãAÚ3äâã3ód*ÛêJì	8é£ÙFíÚt*Jà-0ØãAóuì	 .Nä7Út*ÛéFí *äâã
áNÚt*Ûã3óﬃ*Ûã3Ø/ê n8kÀ× vAãt*ÎáÚ3áNàâÚ8ä l|ã .BÚHêJàâã3íNóuãﬂßÍøsn v +1
( {  ﬃ%j
L%' ﬃ 
 j ﬃ%G#$& ﬃ !49 #% j3@=' ﬃ
 ;=
& ﬃ3NcﬃJ;#J
 Lh ﬃ#%
= 9<
^"Lh;
%j
q{
 ﬀﬁﬀ
P
k
P
fIV7'&&ﬂ(ﬂﬀﬁO9CV
 !R,a?'&'&7ER9S?,'&8'&'7ﬀ@k8kkk8kk8k0kk8kkk8kk8kkkkkk8kk8k [&[
P
kSR /07ﬀ"F&ﬂLV&1)&':9Cﬀ%QW,V79ﬀﬁﬃ-.&ﬂ	k0kk8kk8kkk8kk8k0kk8kkk8kk8kkkkkk8kk8k [&Q
P
kWV =,G9Cﬀﬁﬃ,G9C7ﬂL79l']BRﬁﬃ&HR&ﬂl'SB>ﬀW&ﬂ k8kkk8kk8k0kk8kkk8kk8kkkkkk8kk8k [HU
P
kZY *+&ﬂ('&(ﬁﬃER9ﬀﬁﬃ,t']1)ﬀﬁ)%2q:9C(NV&1)&'79ﬀﬀ%2W,RV79Cﬁ)-.v*MIHkk8kk8kkkkkk8kk8k [HX
P
kS[ =,ﬂA9CﬀR'79Cﬁ),
 !R,ﬁ)%Q?,.9Mﬂﬀ1)V&,Y>1#E#Rl1c !us4E#V7ﬀﬁﬃ7,'&*MIHkkkkk8kk8k
f
[
P
kW[4k
P
=,R{>,7%27,.9I%2W,V:9Cﬁﬃ-.vR&ﬂLV&1)&'79ﬀﬀ,Rﬂ+5ﬃﬂ1ﬃ1)& k8kk8kkkkkk8kk8k
f
[
P
kW[4kSR  ^7ﬂ+]?,G9SW&ﬂLt,R&1zﬁ)%Q,G9Hﬂ(1ﬃV7,Y>1kkk8kk8kkkkkk8kk8k
f
[
P
k
f
ﬂI,Eﬀ?9C9mjPEFEFH1)v']1)ﬀﬁ)%2q:9C(+V&1)&':9Cﬀ%QW,V79ﬀﬁﬃ-.0*MIH kkkkkk8kk8k
f&f
\

 #$='3g' ﬃi3Bﬃ
 |~"!# !%# j3@=' dH
5;=
& ﬃ3NcﬃJ;#J
ﬃ$5{
 %
O
R4k
P
 ^ 1ﬃvR1ﬃrﬂﬀﬁ)%r1K}9Cﬁﬃ,kk8k0kk8kk8kkk8kk8k0kk8kkk8kk8kkkkkk8kk8k
f
Q
R4kSR /[+fIvD>1ﬃvERﬀWﬀ%%2NRﬂ(ﬁﬃ%rR1K?9ﬀﬁﬃ,<R1ﬃrEBGjPﬂﬀﬁﬃ-.ﬂﬀR">?9C%2ﬁ)-PR kk8kk8k
f
Q
R4kWV dm%2ER1K,G9S}9Cﬁﬃ,aM1ﬃ+WV7%2V:9C(ﬁﬃ=Rp']1)ﬀﬁ)%2q:9Cﬀ~V&1)&':9Cﬀ%QW,V79ﬀﬁﬃ-.M*MIHp>,ﬂ
/8PdA5D>1ﬃvE(Wﬀ%2%N0ﬂ(ﬁﬃ%r1ﬃ?9Cﬁ),J/0[Nfl 8M ^vtk8kk8kkkkkk8kk8k
f
U
R4kZVRk
P
*IV7{>,ﬁO9Cﬁ),t79lE1K?'&&%&,G9L7ﬂl1ﬃR%27ﬂH>,ﬂI/4dA5 kk8kkkkkk8kk8k
f
U
R4kZVRkSR  _pWV7%2V:9C(ﬁﬃv']1)ﬀﬁ)%2q:9C(+V:{>,ﬁﬃ0
y
7,,>1Oj.9Cﬁﬃ-.kkkk8kk8k Q
P
R4kZVRkWV LV&ﬂ(1)9C?9CﬂL01c !ﬁ)%2E1ﬃ,G9S?9ﬀﬁﬃ,2k8kkk8kk8k0kk8kkk8kk8kkkkkk8kk8k QHX
R4kZVRkZY L&'7RPﬀ7%27,G9+v1ﬃ%&ﬂH:9lEﬀﬁ)ﬀﬁO9CV&ﬂpk0kk8kkk8kk8kkkkkk8kk8kU
R4kZVRkS[ Pﬁﬃ%r1ﬃ?9Cﬁ),<
 Z,0W7ﬀ"F0V&1ﬃ7'79ﬀﬀ%2W,V:9Cﬁ)-PR kkk8kk8kkkkkk8kk8kU&V
R4kZY 4ﬁﬃ%a1K?9ﬀﬁﬃ,2"ﬀﬁO9L
y
,5&ﬂ1)1ﬃ& kkk8kk8k0kk8kkk8kk8kkkkkk8kk8kUHY
R4k Yk
P
dm1)1ﬃﬂA9Cﬀ?9Cﬁ),< 1)v01Y !ﬁﬃ%2,G9Mﬂ(1ﬃV7,Y>1
7,.9ﬀﬀ,G9I1ﬃr'&ﬁ)"1ﬃ k8kk8kUj[
R4k YkSR =,'&7ER9Cﬁ),J1c `ﬁ)r1ﬃ<ﬂﬀﬁﬃ%a1K?9ﬀﬁﬃ,
 Z,"R1ﬃﬁﬃ,R>WaPﬁ)ﬂC,G98JEﬁﬃV7W&
1)&ﬂLV&1)&':9Cﬀ,ﬂI5&ﬂ1ﬃ1)&k0kk8kk8kkk8kk8k0kk8kkk8kk8kkkkkk8kk8kUj[
R4k YkWV iNER9ﬀﬁﬃ%ﬁﬃﬂﬀ?9Cﬁ),p+1ﬃRﬁﬃﬂ(9C,'7I'7ﬁﬃ"1):3m'&1ﬃﬀﬁﬃ%q79ﬀﬀMEF~1Y Z:s4EFV&(ﬁﬃ&,R'&I*HIH U&X
R4kS[ dm%2ER1K,G9S}9Cﬁﬃ,
 ZV&1)V&%&,G9Cﬂ0Rﬁ)9ﬀﬁﬃ,,R&1ﬃﬂlp1ﬃQWV&%2V:9Cﬀﬁ)a'&1ﬃ(ﬁﬃ%q79ﬀﬀV&1ﬃ7':3
9C(%Q?W,V79ﬀﬁﬃ-.0*MIH:9lV79CR0&ﬂl#79ﬀﬂlﬂ(L1KpE(V&'&ﬁ)ﬂﬀﬁ),t01Krﬂﬀﬁ)%r1ﬃ?9Cﬁ), kXHY
Pﬁ
) ø Þê<àâöPã)áNã3öÊáìFíNíNÚ3ã3öÊãt*ÎÚt*ÛéFäâìFíNíNéFÙFã áã3öÍáNÚt*Ûã3óﬃ*Ûã3ØêJö z:z
(  ?ﬂ
 !J
`!J ﬃ$J;
`!J
 =-9 
^"Lh;'
D%j
 q{  (J(
P
k
P
*+V&(1)&%&,G9l01Y Z:s4E#V7ﬀﬁ)&,'7 kk8kk8kkk8kk8k0kk8kkk8kk8kkkkkk8kk8k
P

P
P
kSR 9S1),,>WD">?ﬂﬀ00,,RV&&ﬂl79l(V&':9Cﬁ),t&ﬂl,,RV&&ﬂl"(R9C7ﬂkkkkk8kk8k
P
&V
P
kWR4k
P
 _p">ﬂ(8RR,,V7&ﬂk0kk8kk8kkk8kk8k0kk8kkk8kk8kkkkkk8kk8k
P
HY
P
kWR4kSR LV&R'79ﬀﬁﬃ,&ﬂL,,V&7ﬂI"RﬀR9ﬀ&ﬂ kk8kk8k0kk8kkk8kk8kkkkkk8kk8k
P
HY
\
|A3@=' ﬃ$J3Ncd
 
 
L$!J
D]j3@=' dﬀ
?;='
&  3Ncﬃ%; #J
D !$# !J;
&
#%
{_24  ( ﬀ
R4k
P
e[ﬀV&ﬂ(&,G9S}9Cﬁﬃ,01ﬃ%V79ﬀBP kk8kk8kkk8kk8k0kk8kkk8kk8kkkkkk8kk8k
P
j[
R4kSR ﬂl9ﬀﬁﬃ1ﬃﬁ)ﬂC?9ﬀﬁﬃ,20,R]PsL*v=ﬂ	

	vEFH1Y Z:s4EFV&(ﬁﬃ&,R'&*MIH
P
jQ
R4kWR4k
P
*I&4st9mjPEF&ﬂl0L*v=ﬂaﬁﬀﬂ	ﬃ
N79 !	
"
#	+kkkk8kk8k
P
jQ
R4kWR4kSR  ^7ﬂI">?,-.&ﬂl
 Zﬁﬃ,
y
(%Q}9Cﬁﬃ,%$`b+ w:9&$ ~=v Lk8kkk8kk8kkkkkk8kk8k
P
&U
R4kWR4kWV 9ﬀ0%r1)9ﬀﬁﬃE1)ﬁﬃ'7ﬁ)9CVL7ﬂI,RR&4sL*v=ﬂ kkk8kk8kkkkkk8kk8k
PjP

R4kWR4kZY ~?1ﬃﬁﬃ?9Cﬁ),8RH1Y ZV79S?1ﬃ,,WM]&'L1ﬃ7ﬂ,R]PsL*v=ﬂ'!	
"
(	)
PjPjP
R4kWR4kS[ 54ﬁO{>']}9Cﬁﬃ,J'74RR(&'7,ﬂ(9ﬀﬀ':9Cﬁ), kk8kkk8kk8kkkkkk8kk8k
PjP
V
R4kWR4k
f
IEE1)ﬁﬃ']}9Cﬁﬃ,R&ﬂV:9S1),,>?W&ﬂ@1c !7,ﬂﬀ7%r"1ﬃ7ﬂ&,Rﬀ&Wﬁﬃﬂ(9ﬀﬀ7%27,.9ﬀﬂ
ERﬀP'79ﬀﬁﬃ,kk8kkk8k0kk8kk8kkk8kk8k0kk8kkk8kk8kkkkkk8kk8k
PjP
Y
R4kWV 5Pﬁ){>'&?9Cﬁ),J'&P0
 ZV79S?1ﬃ,,W0k8kkk8kk8k0kk8kkk8kk8kkkkkk8kk8k
PjP
Q
R4kZVRk
P
=ﬀﬀ7'79ﬀﬁﬃ,t
 Z,ERﬀ"1)q&%N0V7WC?9Cﬁ),t01KrﬀV7ﬂﬀ1)R9Cﬁ), kkk8kk8k
PjP
Q
R4kZVRkSR IEE1)ﬁﬃ']}9Cﬁﬃ,R&ﬂ=,RR&4sQV79C1ﬃ,R,>W7ﬂ~ﬁ7'79ﬀV&ﬂH]&'N1)l'74R+'&ﬀﬀﬁ)WV
1Y Z&,Rﬂﬀ&%a"1ﬃv7ﬂL&,(&Wﬁ)ﬂ(9C(&%&,G9Cﬂl0E(4R'79Cﬁ), kk8kkkkkk8kk8k
P
RHV
ø ×*íNéFä òDöPãﬂáNã3öÊáì£ííNÚ3ã3ö *$y 
(

;='
D& ﬃ !J
M;Bﬃ;%


ep→ epγ ( \,+
P
k
P
 ^ERﬀWﬀ%%2NR(V&R'79Cﬁ),t&ﬂl,R,V&7ﬂ kk8k0kk8kkk8kk8kkkkkk8kk8k
P
RHX
P
kSR dm&,G9ﬀﬁ){>'&?9Cﬁ),t&ﬂlE>A9Cﬁﬃ'71ﬃ7ﬂ kk8kk8kkk8kk8k0kk8kkk8kk8kkkkkk8kk8k
P
V
P
kWR4k
P
dmR&,G9CﬁO{>']?9ﬀﬁﬃ,t01c !V71ﬃ&':9C(,tﬁ #ﬂﬀV kk8k0kk8kkk8kk8kkkkkk8kk8k
P
V
P
kWR4kSR dmR&,G9CﬁO{>']?9ﬀﬁﬃ,tE(9C,t0(&'&R1[k8kk8k0kk8kkk8kk8kkkkkk8kk8k
P
V
f
P
kWR4kWV dmR&,G9CﬁO{>']?9ﬀﬁﬃ,tEB?9C,V&%ﬁﬃﬂ kk8kk8k0kk8kkk8kk8kkkkkk8kk8k
P
V&X
P
kWV =ﬀ(&':9Cﬁﬃ,ﬂL&,ﬁﬃ%E1ﬃﬂ(ﬁﬃ, k8k0kk8kk8kkk8kk8k0kk8kkk8kk8kkkkkk8kk8k
P
YR
P
kZY 4V&1)&':9Cﬁﬃ,R'&,>1
ep→ epγ k8kk8kkk8kk8kk0k8kkk8kk8kkk8k0kk8kk8kk P YV
\
|A^3@&' ﬃ !J
 ='38ﬂ
& ﬃ 
.- j3@j

ep→ epγ (./O
R4k
P
=ﬁﬃ,V7%Q}9Cﬁﬃ-.vR1ﬃrﬀV&'79ﬀﬁﬃ,*MIH k8kkk8kk8k0kk8kkk8kk8kkkkkk8kk8k
P
YQ
R4kSR *+%2ﬁﬃ,Rv'&ﬁﬃ,RV&%2?9Cﬁ)-PRN'&4&A9+:9l'SBﬁOs<102ﬂ kkk8kk8kkkkkk8kk8k
P
YQ
R4kWV 4&':9Cﬁ),tGT']'78Rﬁ #V&ﬀ7,G9Cﬁﬃ71ﬃ1) d4σep→epγ
dQ2dxBdtdΦ
:9l%2V:9CBPv0,(%Q?1ﬃﬁﬃﬂﬀ?9Cﬁ),k8kk8k
P
[
P
R4kZY *+V79ﬀ&(%2ﬁ),>?9Cﬁ),J01Y !'7'&&E49S,'71c `ﬁ)N01ﬃrﬂﬀﬁﬃ%a1K?9ﬀﬁﬃ, kk8kkkkkk8kk8k
P
[
P
R4k Yk
P
*I&ﬂﬀ'7ﬀﬁ)ER9Cﬁ),R1ﬃrﬂﬀﬁ)%r1K}9Cﬁﬃ, kkk8kk8k0kk8kkk8kk8kkkkkk8kk8k
P
[&R
R4k YkSR =%2E>?Cﬁ)ﬂﬀ,J7ﬂIR,,V7&ﬂlﬂﬀﬁﬃ%a1ﬃV7&ﬂL4sJ,,V7&ﬂl:s4EFV&ﬀﬁ)%27,G9S1)&ﬂMkk8k
P
[
f
Pﬁﬃﬁ
R4k YkWV M?1ﬃ'&R1^01Y !'&'7&ER9C,'&0E>?H1Kp%2V:9CBP .02E>? 02,kkkkkk8kk8k
PfDP
R4kS[ *+V79ﬀ&(%2ﬁ),>?9Cﬁ),7ﬂ0GT']'7ﬁ)9ﬀV&ﬂ0pV:9C&':9Cﬁ),&ﬂv'7%2E49C&Rﬀﬂ =&(&,?x:90&ﬂ
']1)ﬀﬁ)%2q:9C(&ﬂMV71ﬃ&':9C(%Q?W,V79ﬀﬁﬃ-.7ﬂH8M _Nkk8k0kk8kkk8kk8kkkkkk8kk8k
P
Q
R4kW[4k
P
*IV79C7ﬀ%ﬁﬃ,>}9Cﬁﬃ,J01Y ZGT']'7ﬁ)9ﬀVv0V79ﬀ&'79ﬀﬁﬃ,7ﬂl'7%ER9C7ﬀﬂ =&(&,?x k
P
Q
R4kW[4kSR *IV79C7ﬀ%ﬁﬃ,>}9Cﬁﬃ,1Y ZGT']'7ﬁ)9ﬀVRRV79C7'79ﬀﬁﬃ,&ﬂ0'&1ﬃ(ﬁﬃ%q79ﬀﬀ&ﬂ+V&1ﬃ7'79ﬀﬀ?3
%2W,RV79Cﬁ)-.&ﬂk8kkk8k0kk8kk8kkk8kk8k0kk8kkk8kk8kkkkkk8kk8k
P
Q&R
R4k
f
4ﬂA9Cﬀ'79ﬀﬁﬃ,t"ﬀRﬁ)9L
y
,tE(x&,,G9+']?,>1
ep→ eppi0 kkkkk8kk8k P QHV
R4k
f
k
P
e[(V&ﬂﬀ7,G9S?9ﬀﬁﬃ,01Kp%V79CBR4 kkk8kk8k0kk8kkk8kk8kkkkkk8kk8k
P
QHV
R4k
f
kSR PV&1ﬃ7'79ﬀﬁﬃ,t7ﬂIV:V&,R&%&,G9Cﬂ
ep→ eppi0→ epγγ kkk8kk8kk0k8kkk8kk P QHY
R4k
f
kWV M?1ﬃ'&R1^ﬀEEF(9 Acc1γ
pi0
Acc2γ
pi0
p1Y !ﬁﬃ+01Krﬂﬀﬁ)%r1ﬃ?9Cﬁ), kk8kkkkkk8kk8k
P
Q&[
R4k
f
kZY M?1ﬃ'&R1^9C4s<0'&,G9S?%2ﬁ),>?9Cﬁ), kk8k0kk8kkk8kk8kkkkkk8kk8k
P
Q
f
R4kSQ *+V79ﬀ&(%2ﬁ),>?9Cﬁ),J01Kr1)%ﬁﬃ,ﬂ(ﬁ)9ﬀV+ﬁﬃ,G9ﬀV&W(V&k8kk8k0kk8kkk8kk8kkkkkk8kk8k
P
U&V
R4kWQ4k
P
5&ﬂﬀRﬀ01Kp'SB>(W0ﬁﬃ,G9CV7WﬀV7$kkk8kk8k0kk8kkk8kk8kkkkkk8kk8k
P
U&V
R4kWQ4kSR M?1ﬃ'&R1^01Kr1ﬃR%2ﬁ),ﬂﬀﬁO9CVIﬁﬃ,G9CV7WﬀV7 k8kk8k0kk8kkk8kk8kkkkkk8kk8k
P
Uj[
R4kWU =ﬀ(&':9Cﬁﬃ,ﬂLCﬁﬃ?9CﬁO7ﬂlkkk8k0kk8kk8kkk8kk8k0kk8kkk8kk8kkkkkk8kk8k
P
U
f
R4kWX =ﬀ(&':9Cﬁﬃ, !BGjPE#7(1ﬃ% 02 k8kkk8kk8k0kk8kkk8kk8kkkkkk8kk8k
P
X
R4k
P
[ﬂ(9Cﬁ)%Q}9Cﬁﬃ,J&ﬂL&(ﬀ7ﬀﬂ kk8k0kk8kk8kkk8kk8k0kk8kkk8kk8kkkkkk8kk8k
P
X
f
R4k
P
Rk
P
[(ﬀ&Rﬀﬂlﬂ(9S}9CﬁﬃﬂA9Cﬁ)-PR&ﬂk0kk8kk8kkk8kk8k0kk8kkk8kk8kkkkkk8kk8k
P
X
f
R4k
P
RkWR [(ﬀ&Rﬀﬂlﬂ(jPﬂ(9ﬀV&%2?9Cﬁ)-PR&ﬂ k8kk8kkk8kk8k0kk8kkk8kk8kkkkkk8kk8k
P
X
f
R4k
P&P
|s49ﬀC':9Cﬁ),t01Kpﬂﬀ7'79Cﬁ),tGT']?'&-Pﬀﬁ 3mﬁ V7ﬀ7,.9ﬀﬁﬃ71ﬃ1ﬃ d4σep→epγ
dQ2dxBdtdΦ
kkkk8kk8k
P
XjQ
R4k
P
R$NV7ﬀﬁ){']?9ﬀﬁﬃ,ﬂJkkk8kk8kkk8k0kk8kk8kkk8kk8k0kk8kkk8kk8kkkkkk8kk8k R&U
R4k
P
V|s49ﬀC':9Cﬁ),t01Kpﬁ #V&(&,'70&ﬂLﬂﬀ7'79ﬀﬁﬃ,ﬂlGT'&'&7ﬂIEF1K?ﬀﬁﬃﬂ(V&7ﬂ kkkkkk8kk8k R
P
Q
øs) )í4*JãHêD.NêJÚt*Jé+*ÛàâìFíYáNã3öÊêJÚ3öÛØä *Ûé+*Ûö y:y *
( {  ﬃL%3N3@ﬂ ﬃ !%
bﬂ
&' ﬃ$5
.- j3@j
bJ ﬃLh ﬃ='3NﬀG;
53@# L$ "j
77#%b}_




 
'=

\ﬃ\
ﬀ
\
{  ﬃL%3N3@ﬂ ﬃs!J
D];7#$=C3g]3N#J^ L$;!%ﬀ&' ﬃ$!%#  "! =
  
\
ede
R4k
P
e|ﬀ%V79C(ﬁﬃﬂﬀ?9Cﬁ),J&ﬂI/0eg*+ﬂk0kk8kk8kkk8kk8k0kk8kkk8kk8kkkkkk8kk8k R&V&V
R4k
P
k
P
 ^7ﬂ+*+"1ﬃ7ﬂl*+ﬁﬃﬂA9Cﬀﬁ)"R9ﬀﬁﬃ,ﬂ k8kkk8kk8k0kk8kkk8kk8kkkkkk8kk8k R&V&V
R4k
P
kSR *IV&EF&,>?,'&8&,
t
k8k0kk8kk8kkk8kk8k0kk8kkk8kk8kkkkkk8kk8k R&VHY
R4k
P
kWV  ^ 
 
	  kk8kkk8k0kk8kk8kkk8kk8k0kk8kkk8kk8kkkkkk8kk8k R&Vj[
R4kSR =%E>C?ﬁﬃﬂﬀ,$R&ﬂQﬂ(&':9Cﬁﬃ,ﬂ2 T']'7&ﬂ<,,@EF1K?ﬀﬁﬃﬂ(V&7ﬂ:9QR1ﬃRﬁ #V&ﬀ7,'&&ﬂ
ﬂﬀ7'79Cﬁ),ﬂLGT'&'&7ﬂ+EF1K(ﬁﬃﬂ(V&&ﬂM4stE(V&ﬁ)'79ﬀﬁﬃ,ﬂHR%4Rq&1ﬃII/8/ kkkkk8kk8k R&V
f
e {  ﬃL%3N3@ﬂ ﬃs!J
D];7#$=C3g]3N#J^ !% ﬃ%%;
]
^"ﬀG73@

\
/%(
{? %=#$7' ﬃ$
\
/
ﬀ
}I$= dcd3NL

'

\
/O
4ﬁ)ﬁﬃﬁ
 p o  
 zﬁ #ﬂ(ﬁﬃ,=%ER9C,@&ﬂA9<,R&ﬂQERﬀP'&&ﬂ(ﬂﬀﬂQ1ﬃ&ﬂE1)ﬂ2V71ﬃV7%27,.9Cﬁﬃ(&ﬂ1ﬃERB.jPﬂ(ﬁﬃ-.:9
'&,RﬂﬀﬁﬃﬂA9C&,1ﬃRﬁ #ﬂﬀﬁ),Ra1ﬃR%2ﬁ)q&ﬀv'7BV7ﬀ&,G9ﬀrﬂﬀI,"P(79&k[,,1)jPﬂC?,.9I1ﬃ7ﬂIRﬁﬃﬂ(9ﬀﬀﬁ)"R9Cﬁ),ﬂ
,WR1Kﬁ)ﬀ&ﬂ[:9=7,<V&,R&ﬀWﬁﬃL+1ﬃ1)%ﬁﬃq&(Hﬁ #ﬂ(V&D.,2"R9ﬀﬁﬃ&,G9b,lﬁﬃ,
y
ﬀ%2?9Cﬁ),pﬂﬀ~1K0ﬂ(9ﬀﬀ':9C(
79=1K
y
ﬀ%+N1c !"P(79=ﬂﬀ,RVr4E=usR7%2ER1ﬃD41Y Z:s4ﬁﬃﬂA9C7,'&N<,,JI'&,Rﬂ(9CﬁO9C>?,.9ﬀﬂMﬁﬃ,G9ﬀ&ﬀ,R&ﬂ&D41ﬃ7ﬂ
V7&,G9C71ﬃ1)&ﬂLﬁﬃﬂA9C(ﬁﬃ"R9ﬀﬁﬃ,RﬂMﬂﬀE>}9CﬁK?1ﬃ&ﬂH7,ﬁ)%2ER1ﬃﬂﬀﬁ),QR'7&ﬂl&(,ﬁﬃ7ﬀﬂ7D>79C'?k)kOk
=rW&,RﬀprRﬁ #ﬂﬀﬁ),EF+ﬂ(,7v,"P(:9vEF&R9v'7&A9Sﬁ),&%&,G9vo:9Cﬀ
y
ﬁ)9+]&'
 !R9ﬀﬀ7ﬂ
E>A9Cﬁﬃ'71ﬃ7ﬂvﬁﬃ,'7ﬁﬃ7,G9C&ﬂ0%2ﬁﬃﬂ+1Y !x?,G9CWp1KJ1)%2ﬁ)q&(tTUﬂ(ﬂ
y
ﬀ%p
 Z,E>A9Cﬁ)'&1)&ﬂS\
&ﬂA9HﬂCp,>?9ﬀﬀ+V&1ﬃ7'79ﬀﬀ%2W,V:9Cﬁ)-PRDR-.ﬁ1K
y
ﬁO9=ﬁ),G9C&ﬀWﬁ)M]7'v1Ka%2?9Cﬁ)q&(IPﬁKr1ﬃ89CBV7ﬀﬁ)+1ﬃaE1ﬃRﬂ
EﬀV7'&ﬁ)ﬂﬀ-.,Rﬂ<'7,,>ﬁ)ﬂﬀﬂ(,ﬂJ (ﬀ !B.ﬁcDb1c !V71ﬃ&':9C(4RjP,>?%2ﬁ)-PR-.>,G9ﬀﬁﬃ-.$Tvg*v\uDMﬂ(,
,ﬁ)]t1)vE1ﬃﬂ
y
,R>%&,G9S1ck
 zt1ﬃ,W7v
 Z,TUﬁ),.&(ﬂﬀ&%&,G98EﬀE#A9Cﬁ),,71ﬃ1ﬃr1c !V7,&(Wﬁﬃ]\+1KJ1ﬃ%ﬁﬃq7ﬀrﬁ),'&ﬁ)&,G9ﬀ
ﬁO9v'&(ﬀ7ﬂﬀEF,(<J1K<9S?ﬁﬃ1ﬃ1)a1Y Z"P(:9V79CRﬁﬃV?{>,ﬂﬀ,&ﬂCtﬂ(9ﬀﬀ':9C(2ﬁ),G9C&(,k_I{>1
J9C7%2Eﬂ7D>1Krﬁ Rﬂﬀﬁﬃ,J01Kr1ﬃR%2ﬁ)q&ﬀNV:9CV0R9ﬀﬁﬃ1ﬃﬁ)ﬂﬀV7+EFLﬂﬀ,R&L7ﬂl"P(79ﬀﬂlR09Cﬁﬃ1)1ﬃIvE1ﬃRﬂ
&,$E1ﬃRﬂEF79ﬀﬁ)9ﬀTU&,$R9ﬀﬁﬃ1ﬃﬁ)ﬂC,G9pE'&,ﬂ(V&-.7,.9&DbR&ﬂV&,7ﬀWﬁ)&ﬂE1ﬃﬂp7,E1)ﬂﬁﬃ%E#(9S?,.9ﬀ&ﬂC\:k
+ﬁ),ﬂﬀﬁcD=EFJV79ﬀﬁ)&J1KﬂA9C('79ﬀﬀ&,-.>(Pﬂ79tW1ﬃ,RﬂTU1ﬃ7ﬂJE>A9C,ﬂC\Q,PR'&1ﬃV7,
DMﬁ)1
y
R9
ﬁﬃﬂ(E#ﬂﬀ&b
y
ﬁ)ﬂﬀ'7]4sQﬁﬃ,R'&ﬁﬃR&,G9CﬂMRN1Y ZV&'SB71ﬃ1)+/v  ?{>,QNﬂﬀ,&HR&ﬂHﬁ)ﬂ(9S?,'&7ﬂMN1c !(ﬀ

y
7ﬀ%ﬁYkGezb1K0Eﬀ7%2ﬁ)q&ﬀ
y
ﬁ)ﬂ&DGW	'&I81c `]q&,7%27,.9=ﬀV7'&&,G9=
 `?'&'&V71ﬃV7C?9ﬀ&(ﬂ=I1ﬃ&E49C,ﬂ+TU-.ﬁ
E#7ﬀ%79(9C&,G9blEﬀPﬁ)ﬀL&ﬂ
y
ﬁﬃﬂ('&&4sIEB9ﬀ,ﬂ mPﬁﬃA9C71ﬃﬂ 6\|+ER1ﬃﬂ(ﬁﬃ&Rﬀﬂb/0 gﬂ~79=lB>R9ﬀ
ﬁﬃ,G9C7,ﬂﬀﬁO9CVT E1ﬃRﬂr1ﬃ7ﬂp"P(79ﬀﬂﬂﬀ,R&pﬂﬀ,.9EF79ﬀﬁ)9Cﬂ7D|E1)ﬂp1ﬃ7rﬂ(&'79ﬀﬁﬃ,h T']'7J(V]':9Cﬁ),h&ﬂA9
y
ﬁﬃ"R1ﬃx\uDﬁﬃ1w:Pﬁﬃ&,G9=E#ﬂ(ﬂﬀﬁ)"1ﬃl
 ZV79CRﬁﬃ7=:s4EFV&(ﬁﬃ%&,G9S1)&%&,G9~1Kﬁ #ﬂﬀﬁ),Q=%2E49C,QQ,ﬁO&<1ﬃ
E1ﬃRﬂlEF79ﬀﬁ)9I1Y ZV&'SB71ﬃ1ﬃ081K%Q}9Cﬁﬃq7ﬀpF,ﬁ)]R&ﬂ+-.>?ﬀ.ﬂ+:9+W1),ﬂ7Dw1ﬃ&ﬂl'&,ﬂ(9ﬀﬁ)9C,G9Cﬂl
,.'&1)V&,
kz '7<,ﬁO]?
DX1)QE(4'7&ﬂ(ﬂﬀﬂp7ﬂ(9ERE#71ﬃV9CC?ﬁ)9ﬀﬁﬃ,,R&1ﬃ1)&%&,G901K A*+ﬁ Rﬂﬀﬁﬃ,h=%ER9C,
e[ﬀ
y
,RV&%&,G9LNﬁ)(9CR&1ﬃ1)N     	
  	
"	ﬁ 
ﬁ	
"
 
	 ﬂ 2TU*MIH\l7,,W1Kﬁ)ﬂ&D'7
&(,ﬁﬃ79ﬀ&(%279J?'&ﬀ,.jP%-.,RﬂQ(&E(&,Rﬀ,ﬂQﬀV&W1ﬃﬁ)q&ﬀ7%27,G9QE>?21ﬃﬂﬀRﬁ)9C?k= ^9C&(%2
mPﬁﬃA9C71 (V
y
q7ﬀ<?
y
ﬁ)98-.Q1)QEBR9C,ﬁﬃ,'7ﬁﬃ7,.98&ﬂA9pC]j,,VJE>(9ﬀﬁﬃ0
 Z,h1ﬃ7ER9C,
D_79r-.
 Zﬁﬃ1
,
 Z:s4ﬁﬃﬂA9Cv-.0E#7,>,G9l1ﬃv"Rﬀ
y
ﬁﬃ,Rﬂ(9S?,.9LRv1Y Zﬁﬃ,G9C7C':9Cﬁﬃ,J]&'1ﬃ+,PR'&1ﬃV7,tﬂﬀ,RV079l-.ﬁ
E(V&ﬂﬀ7,G9C
1Y Zﬁﬃ,G9CV7ﬀo:9H0E#Rﬁ)M?ﬀﬁ)&Hﬂﬀ,ﬁ)%2ER1ﬃﬂﬀﬁ),<ﬁ),V&EF&,R>%%27,.9LRﬂ(,tV&,7ﬀWﬁ)k
g,hEC1)1ﬃq71ﬃ'&7ﬂrV7&1)EEF&%&,G9CﬂpusREFV&(ﬁﬃ%&,G9S?4s#D|&ﬂA9EE>?ﬀ
Dzﬁﬃ1gjﬂ(&1)&%&,G9p,R
ﬁﬃn&ﬁﬃ,R
 !,,RV&Db1ﬃ
y
ﬀ%21)ﬁﬃﬂﬀ%<9CBRV&(ﬁﬃ-.-.ﬁlE#7ﬀ%79Q
 !ﬁ),G9C&(EﬀV:9C7&D=,ﬂ<1)'&ﬀ1K
=Bﬀ%2?3m*IjP,>%ﬁﬃ-.N>?,.9ﬀﬁﬃ-.8T 
"!  	ﬀﬁﬁ  ﬂ
ﬁﬃ ﬀL0M*v\:D.1ﬃ+9CBV7ﬀﬁ)
y
,>}3
%27,G9S1)[WR&ﬀ,,G9|1c !ﬁ),.9ﬀ&ﬀ'79ﬀﬁﬃ,07ﬂX-.>(.ﬂ|79zW1),ﬂ7Dx'&:9ﬀ9C~ﬀV&'79ﬀﬁﬃ,8,ﬁ)]E>A9C,Rﬁﬃ-.D
Q9Cﬀx&(ﬂ1)r'&,'&7ER90*+ﬁ)ﬂ(9C(ﬁﬃ"49Cﬁﬃ,ﬂ+eX(9ﬀ,ﬂ/vV&,V7C1)ﬁﬃﬂ(V&&ﬂT! 
	 	#"ﬁ	$ﬁ%& 	 
'ﬁ  ﬀ


 	 "02
ﬁ ﬀ)v/0e~*IﬂS\:k
P
dm,G9CﬀP':9Cﬁ),
 g Z:s4EFV&(ﬁﬃ&,R'&r
P
36*MIH#D
-.ﬁXﬂﬀrERﬀEFﬂﬀ8
 ZV79CRﬁﬃ7+1K2*+ﬁ #ﬂ(ﬁﬃ,=%2E49C,e[(
y
,V7%27,G9
Nﬁ)(9CR&1ﬃ1)8ﬂ(N1)aE(9C,Dﬂ& Z&ﬂA90V&(1)V&pr%2(ﬂN<%2ﬁ+R [27,49Cﬁﬃ1)ﬁﬃﬂﬀ,G9I1)
y
ﬁ)ﬂﬀ'&&
 ZV&1)&'u3
9C(,ﬂ<1Y !'&'7V&1ﬃV7C?9ﬀ&<Mg;=  :9J1ﬃV79ﬀ&'79ﬀ&M ^vR#&(ﬂﬀ, _" Tc z?"w\:k=g1)1ﬃ
,V&'7&ﬂ(ﬂﬀﬁ)9ﬀV01Kp'&,R'&&E49Cﬁﬃ,:9l1Kr'&,ﬂ(9ﬀﬀ':9Cﬁﬃ,
 Z,']1)ﬀﬁ)%2q:9C(+V&1)&':9Cﬀ%QW,V79ﬀﬁﬃ-.N'7%2E'79L:9

 Z,ﬂ(1ﬃV7,Yk_ ^,R]']1)ﬀﬁ)%2q:9Cﬀa&ﬂ(9'7,ﬂ(9ﬀﬁ)9ﬀV2RMYRHY'7ﬀﬁ)ﬂ(9S?4sp9CR,Wﬂ(9C,>?9ﬀ2R
E1ﬃ%r"Tce["ﬃi
4
\Mﬂﬀﬂ(4'7ﬁﬃV7ﬂLr&ﬂLEB?9C?3 ﬁﬃP&ﬂMpx?1ﬃ,'SBT Neg*+ﬂC\:kw [ !us4E#V7ﬀﬁﬃ7,'&0
P
36*MIH
EF&(%2ﬁ)ﬂpE#1KEﬀ7%2ﬁ)q&(
y
ﬁﬃﬂ@%2,Rt1Y ZR9Cﬁ)1ﬃﬁﬃﬂﬀ?9Cﬁ),ﬂ(ﬂ
y
ﬁﬃﬂ('&&@ !,$9C71lRV79C7'79ﬀ&7D
ﬂﬀﬂ(4'7ﬁK,G9L'7&ﬂl&4sJV&1ﬃV7%27,G9Cﬂ&k
R `ﬁ>RV&"R9ﬀVI%&ﬂ[9ﬀC]?4sH9ﬀBq&ﬂ(DP>,ﬂg1ﬃH'&(IL1c !usREFV&(ﬁﬃ7,'&l
P
3m*MIH#D.&, R jVRkGR `ﬁ
E>A9Cﬁﬃ'7ﬁﬃEFVpt1KJEﬀV7E>ﬀ?9Cﬁ),R1c !us4E#V7ﬀﬁﬃ7,'&&,'&,G9ﬀﬀﬁﬃ"R>,G9,9S?%2%&,G9V7&1)EEF&%&,G9
EﬀWC%%rﬂﬀﬁ)%r1K}9Cﬁﬃ,5,G9C2M(1ﬃt1K<'71ﬃ1ﬃ"FC?9ﬀﬁﬃ,M ^v79&,ﬀV&1ﬃﬁ)ﬂC,G9v7ﬂ
V79ﬀ&ﬂ0pﬂ(ﬁﬃ%rR1K?9ﬀﬁﬃ,
kFR !ﬁV7WG1)&%&,G9vE>A9Cﬁ)'&ﬁﬃEFVr?%2,G9CWr,R&']1)ﬀﬁ)%2q:9Cﬀ8V&1)&':3
9C(%Q?W,V79ﬀﬁﬃ-.IV&ﬁ)V0r1Y Z:s4EFV&ﬀﬁ)&,'7D>?ﬁﬃ,ﬂ(ﬁ-.
 !4sJ9ﬀ&ﬂ(9ﬀﬂHv1Y ZV&1)&':9Cﬀ,ﬁﬃ-.v?ﬂﬀﬂﬀP'&ﬁ)V&?k+E(q&ﬂL1K
Eﬀﬁ)ﬂﬀaR,,V7&ﬂ&DG7 `?ﬁzﬁ7'79ﬀVr1Y ZV79C1ﬃ,,>Wv7,9C7%2ERﬂ+7ﬂ+']?1ﬃ(ﬁﬃ%q79C(&ﬂLV&1)&':9Cﬀ%QW,V79ﬀﬁﬃ-.&ﬂ
8M ^v#kﬂl,
y
ﬁﬃﬂH1)&ﬂH,R,V&7ﬂ+'7-.ﬁﬃﬂ(&ﬂlﬀV&Rﬁ)9ﬀ&ﬂ&D?7 !ﬁ
(V]1)ﬁﬃﬂ(Vv,,>1OjPﬂﬀv,G9l1Y Z"P(7'79ﬀﬁ
y

V79ﬀV1c !usP9CC?'79Cﬁ),J7ﬂIﬂ(&'79ﬀﬁﬃ,Rﬂl T']'7&ﬂl-Pﬀﬁ 3mﬁ V7ﬀ7,.9ﬀﬁﬃ71ﬃ1ﬃ7ﬂ=01ﬃ(V]':9Cﬁ),
ep→ epγ k
=%2,.ﬂ('&ﬀﬁO9Lﬂ& ZﬀW,ﬁﬃﬂ(v1Kr%2,ﬁﬃq7ﬀNﬂ(ﬁ)?,G9ﬀ
•  _aE(&%ﬁﬃq7ﬀ+E(9ﬀﬁﬃlV7ﬁﬃ1)+1ﬃl'&,.9ﬀ:sP9CN9ﬀBV&ﬀﬁﬃ-.IN'779ﬀ9ﬀN:s4EFV&(ﬁﬃ&,R'&N7,<ﬁﬃ,G9C(4Rﬁﬃﬂﬀ,G9
1)&ﬂH*+ﬁ)ﬂ(9ﬀﬀﬁﬃ"RR9Cﬁ),ﬂ~ve|?(9C,ﬂL/vV&,V7C1)ﬁﬃﬂﬀV7&ﬂNTY/0e~*IﬂS\b:9H:s4EFﬂﬀN1)&ﬂbﬀV&'7&,G9CﬂL(V&ﬂﬀR1)9S}9Cﬂ=us.3
EFV&(ﬁﬃ%&,G9SPsk
•  _J&PsRﬁ)q&%pE>A9Cﬁﬃa,,,RR&ﬂﬀ'7ﬀﬁ)ER9Cﬁ),1Y !'&'7V&1)V&C}9C&RN
 ZV&1ﬃ7'79ﬀﬀ,ﬂ8Mg;= :9
7ﬂIRﬁ #V&ﬀ7,G9CﬂLﬂﬀRﬂA3mﬂAjPﬂ(9Cq7%27ﬂ+V:9C&':9C7NM ^Nt8ﬁ7ﬀﬂﬀ, _"
k
•  _r9C(ﬁﬃﬂ(ﬁﬃq&%NE>?(9Cﬁ)NE(V&ﬂﬀ7,G9C1ﬃv,4]?'&1ﬃ(ﬁﬃ%q79ﬀﬀ+V71ﬃ7'79C(%2W,V:9Cﬁﬃ-.vRV&ﬁ)V01c !us.3
EFV&(ﬁﬃ&,R'&~
P
3m*HIH079XV&'7ﬀﬁO9X1ﬃH%Q,Rﬁﬃq&([,G97 `?ﬁGﬀV]?1ﬃﬁﬃﬂ(V[1Y Zﬁﬃ%E1K?,.9C?9Cﬁ),+R~ﬂﬀIWV7%V79C(ﬁﬃ
>?,ﬂa1)ERﬀWﬀ%%2rR2ﬂ(ﬁﬃ%r1ﬃ?9Cﬁ),1Kt'&1)1K"Fﬀ?9Cﬁ),M ^v#Dzﬁ),ﬂﬀﬁ[-.21ﬃ7ﬂ09ﬀC]?4s
tﬂ(ﬁﬃ%r1ﬃ?9Cﬁ),ﬂ8-PRﬁH% Z,G9pEF&ﬀ%ﬁﬃﬂat'&,G9C(ﬁﬃ"R&1Y ZER9ﬀﬁﬃ%ﬁﬃﬂC}9Cﬁﬃ,7ﬂ'&,Rﬁ)9Cﬁ),ﬂrR
1c !usREFV&(ﬁﬃ7,'&2TURﬁﬃﬂ(9C,'7'7ﬁﬃ"1):3 ']1)ﬀﬁ)%2q:9Cﬀ?D.'&,'7&ER9ﬀﬁﬃ,
 Z,"1ﬃﬁ),>W]\:k
•  _0-P?9C(ﬁﬃq&%HE>A9Cﬁ)HV&'7ﬀﬁ)9~"(ﬁﬃq:&%&,G9b1KNE(ﬁﬃﬂ(lR&ﬂ~,,V7&ﬂ~l1Y Z:s4E#V7ﬀﬁ)&,'7l P 36*MIH
:9H:s4EFﬂﬀv1)I9Cﬀ]?ﬁﬃ1F-PRb7 `ﬁF#&':9CVvﬂ(M1c !V:9S1),,>WI7,<9C&%EﬂMR&ﬂH']?1ﬃ(ﬁﬃ%q79C(&ﬂ~V&1)&':3
9ﬀﬀ%2W,V:9Cﬁ)-PR&ﬂH8M ^v#k
•  _'&ﬁﬃ,R-PRﬁﬃq&%hE>A9Cﬁ)'&,Rﬂ(9CﬁO9C	1ﬃR&ﬂﬀ'7ﬀﬁ)ER9Cﬁ), &ﬂﬁ V7ﬀ&,G9ﬀ&ﬂV79S?E#7ﬂR$1c `?,>1)jPﬂ(
,,V7&ﬂ-.7 !ﬁﬀV]?1ﬃﬁﬃﬂ(V&>,ﬂ1)"49
 Z:sP9Cﬀﬁﬃ(1ﬃ7ﬂﬂﬀ7'79ﬀﬁﬃ,ﬂGT']'7&ﬂ-.>RﬀﬁO3
ﬁ V7ﬀ7,.9ﬀﬁﬃ71ﬃ1ﬃ7ﬂH01Kr(V]':9Cﬁﬃ,
ep→ epγ k
•  _ﬂﬀﬁOs4ﬁ)q&%NE>A9Cﬁﬃ y ﬀ,ﬁO9H1Y Zﬁﬃ,G9ﬀ&ﬀERﬀV79C?9Cﬁ),TUERﬀV&1)ﬁﬃ%ﬁﬃ,>?ﬁﬃﬀ]\gR&ﬂLﬀV7ﬂﬀ1O9S?9ﬀﬂl"R9C7,PRﬂ&k
R
     

J

 

    J	  
V
*N,ﬂH'779ﬀ9ﬀNE>A9Cﬁ)D
y
(9C7%27,G9Mﬁﬃ,RﬂﬀEﬁ)ﬀV&+&ﬂM(V
y
V7ﬀ&,R'&&ﬂ 
P
:9 ZR

D4,ﬂL?1ﬃ1ﬃ,ﬂbERﬀV&ﬂ(&,G9C7H1ﬃ7ﬂ
'&,R'&&E49Cﬂ+:9N1)&ﬂl,9Cﬁ),ﬂL8">ﬂﬀ81Kﬁ #ﬂﬀﬁ),
 !V71ﬃ7'79C(,ﬂI79I&ﬂIﬁﬃﬂA9Cﬀﬁ)"R9ﬀﬁﬃ,ﬂLE>A9C,Rﬂ
Tc9Cﬀx&(ﬂQ1K7ﬂﬀ'7ﬀﬁﬃE49Cﬁﬃ,@@EﬀP'&7ﬂﬀﬂ(ﬂQﬁ ﬂ(ﬁﬃ,	E(
y
,RV&%&,G9Qﬁ),V&1ﬃﬂ(9ﬀﬁﬃ-.]\rﬁﬃ,ﬂ(ﬁH-.
1ﬃ
y
(%Q?1ﬃﬁﬃﬂ(%209CBRV&(ﬁﬃ-.WV&,RV&C?1[*HIH79&ﬂ8/0eg*+ﬂ&kzfIﬂ0%27,.9ﬀﬁﬃ,R,&(,ﬂvV&W1ﬃ7%27,.9
1ﬃ7ﬂHEﬀ"R1ﬃq&%&ﬂlﬂ(ﬂﬀA9Cﬁ)ﬂI1Y Z:sP9ﬀC':9Cﬁﬃ,J&ﬂ+/eg*+ﬂl79lV7'&(ﬁﬃﬀ,ﬂIR,0%Q,Rﬁﬃq&(TUE>?ﬀ%ﬁ

 !R9C(&ﬂ7D
%Q?ﬁﬃﬂz'&&1)1ﬃb-PRﬁ,ﬂ|ﬂﬀ&APﬁﬃCNRHﬀV
y
V7ﬀ7,'&H>?,ﬂ[1Y Zﬁﬃ,G9C7ﬀE(V79C?9Cﬁ),a=,ﬂ[ﬀV7ﬂﬀ1O9S?9ﬀﬂS\XRM%2PV71ﬃﬁﬃﬂ(&
'&7ﬂ0/eg*+ﬂ7k^fIﬂ+{>,ﬁ)ﬀ,Rﬂ+'&:9ﬀ9ﬀpE>(9ﬀﬁﬃ8E>+R,pCERﬁﬃ8ﬀ7PpRr1Kﬂﬀﬁ)9ﬀ>?9ﬀﬁﬃ,:s4E#V7ﬀﬁ)%27,.9C1ﬃ
'79ﬀ&1)1ﬃ?k
[
eg(&%ﬁﬃq7ﬀvE>A9Cﬁ)pF59CﬁO??9Cﬁ),ﬂMEBGjPﬂﬀﬁ)-.&ﬂ
f
 

 F 


   J   

    	

  
^ 

 J  	  ^

      

<  



\ª¶9° ©¥ªWŁe§»¦e§9®^³z¶9©½5¥ª­B®Aª ½5¨Ł®3ª­¿B§9®
 _7ﬂIus4E#V7ﬀﬁﬃ7,'&7ﬂ+ﬁ ﬂ(ﬁﬃ,tE(
y
,RV&%&,G9+ﬁ),V&1ﬃﬂ(9ﬀﬁﬃ-.TU*+dAEF     	#ﬁﬀ
ﬂ	
 

 
	 ﬂ\p%&,V7&ﬂt4 _l 1ﬃ{>,R&ﬂt,,RV&&ﬂ
P
X
f
,.90(VR, 1)
y
,R>%&,G9S1l>,Rﬂ
1Y ZV&1ﬃ"#C?9ﬀﬁﬃ,rR<%2Pq71ﬃL&ﬂbE>A9C,ﬂNTU-.ﬁwﬂﬀ7Ca1c !"P(79b+1ﬃﬂ(&':9Cﬁﬃ,
P
kZVG\:kPflﬂ=RV&'&(ﬁ),ﬂ=ﬁ)'&ﬁ
1Klﬁ #ﬂﬀﬁ),aERﬀ
y
,RV&%&,G9[ﬁ),V&1ﬃﬂ(9ﬀﬁﬃ-.~
 !R,pV&1ﬃ7'79ﬀﬀ,pﬂ(1ﬃbEﬀ?9C,
D}ﬁﬃ1)1ﬃﬂA9C(V&~E>|1ﬃI{>WRﬀ
P
k
P
D
'&(ﬀ7ﬂﬀEF,>,G9gN1ﬃ+ﬀV&'79ﬀﬁﬃ,
ep→ e′X k _=EB9ﬀ,rPﬁﬃ(9ﬀ&1 γ∗ V&%ﬁﬃﬂ|E1Y ZV&1)&':9Cﬀ,r&ﬂA9~"ﬂﬀﬀ"FV
E>v1)rEﬀ?9C,791c !V:9S?9vBﬀ,ﬁﬃ-.&,ﬀV7ﬂﬀ1O9S,G907ﬂ(9,%%2V
X
k
+'&ﬀﬂ01Y Z:s4EFV&(ﬁﬃ&,R'&D
,V:9C7'79CQ,ﬁﬃ-.7%27,G9p1Y ZV&1)&'79ﬀﬀ,ﬁ #ﬂ(Vk|iv,hEﬀ1)Q1)ﬀﬂ<(V]':9Cﬁ),  	.ﬀ<'&a1c !V:9S?9
B>(,ﬁ)-PRN{>,>1
X
,
 Z&ﬂA9+E>?ﬂlRV79C7ﬀ%ﬁﬃ,V?k
*N,ﬂb1ﬃLﬀV
y
V&ﬀ7,G9Cﬁﬃ71#RQ1K?"#ﬀ?9CﬁﬃﬀvTU>,Rﬂ=1ﬃ7-.&1w1ﬃlE(9C,2ﬂﬀL9C(R+Q(&EFﬂS\uD4,2V:{>,ﬁO9
1ﬃ7ﬂM?ﬀﬁK?"1ﬃ7ﬂMﬂﬀﬁO?,G9C&ﬂLEFLV7'&ﬀﬁ)ﬀv1ﬃ(V]':9Cﬁ),
• p >1Kr-.>RﬀﬁO3 ﬁﬃ%E1)ﬂﬀﬁﬃ,QEﬀ?9C,
D
• k D E 1ﬃp-Pﬀﬁ 3mﬁ)%2ER1ﬃﬂ(ﬁﬃ,279L1Y ZV&,R&ﬀWﬁﬃv01Y ZV&1)&':9Cﬀ,ﬁ),'&ﬁ)&,G9&D
• k′ D E ′ 79 θ 1Kp-.>RﬀﬁO3 ﬁﬃ%E1)ﬂﬀﬁﬃ,
D.1Y ZV&,7ﬀWﬁ)N79l1Y !,W1ﬃNEF1K?ﬁﬃﬀI01Y ZV&1)&'79ﬀﬀ,tﬁ RﬂﬀVD
• q :9 ν 1ﬃ-.>?ﬀﬁ 3mﬁﬃ%E1)ﬂﬀﬁ),2:9l1Y ZV&,7ﬀWﬁ)vERB9C,tPﬁ)(9CR&1^V&'SB,WV?D
 t1Y Z,J
q = k − k′ 79 ν = E − E ′ k
egRﬁﬃﬂﬀ-.1Y Z,t'&,,>)9I1)&ﬂL-.>(ﬁO3 ﬁﬃ%E1ﬃﬂ(ﬁﬃ,Rﬂ=7ﬂIE>?(9Cﬁ)'&1)&ﬂHﬁ),ﬁ)9ﬀﬁK1)&ﬂ&D
p
79
k
D>ﬁﬃ1^, Zjp-.
&Ps@?(ﬁK"R1ﬃ&ﬂpﬁ),V7E#7,>,G9C7ﬂ&kb[,#79&D~ﬂﬀ,ﬂ
y
ﬁﬃﬂ('&]?@:9Q'7ﬁﬃ"1)EF1ﬃﬀﬁ)ﬂﬀV&ﬂ7D[1KﬀV&'79ﬀﬁﬃ,$&ﬂA9
ﬂ(jP%V79C(ﬁﬃ-.0&,
y
,':9Cﬁ),J01Y !,W1)vn7ﬁﬃ%rR9ﬀB>1#01Y ZV&1ﬃ7'79ﬀﬀ,tﬁ ﬂ(Vk
I{>,$tV&'7ﬀﬁ)ﬀJ1K(V]':9Cﬁ),
Dﬁ)1M&ﬂA9Q?1ﬃ(ﬂrE#ﬂﬀﬂﬀﬁ)"1ﬃJ !R9ﬀﬁﬃ1)ﬁﬃﬂﬀ7r1Y ZV&,R&ﬀWﬁﬃ<:921c `?,W1ﬃQtﬁ
y
3
y
ﬂﬀﬁ),RQ1Y ZV&1)&':9Cﬀ,>,Rﬂr1ﬃ1K"Fﬀ?9Cﬁ)ﬀ?D^%Qﬁ)ﬂ0,ﬂr'SBRﬁﬃﬂ(ﬁﬃﬂﬀﬂ(,ﬂ8
 !ﬁ),G9CﬀPﬁ)ﬀ1ﬃ7ﬂa-.>,G9CﬁO9CV7ﬂ
ﬁﬃ,G?ﬀﬁﬃ,G9C7ﬂIa ^ﬀ7,.9ﬀnQ
Q2
Dw1)8'&ﬀ(Var1ﬃ-.>?ﬀﬁ 3mﬁﬃ%E1)ﬂﬀﬁ),<9Cﬀ,ﬂ
y
V7ﬀV7D:9
xB
DF1Kp?ﬀﬁK?"1ﬃ
;_((&,D>V7{>,Rﬁﬃ&ﬂH9ﬀ&1ﬃ1)&ﬂH-.
Q2 = −q2 labo= 4EE ′ sin2 θ
2
T
P
k
P
\
Q
eg(&%ﬁﬃq7ﬀvE>A9Cﬁ)pF59CﬁO??9Cﬁ),ﬂMEBGjPﬂﬀﬁ)-.&ﬂ
 
P
k
P
*+ﬁ Rﬂﬀﬁﬃ,JEﬀ
y
,V&%&,G9lﬁﬃ,RV&1K?ﬂ(9Cﬁ)-.Tc*IdA\:k
xB =
−q2
2pq
labo
=
Q2
2Mpν
, 0 ≤ xB ≤ 1 T P kSR\
]&'
Mp
1ﬃJ%Qﬂ(ﬂﬀERﬀ9ﬀ,
kzfIRﬂ8usREFﬂ(&ﬀ,ﬂa1ﬃtﬂ(ﬁﬃW,Rﬁ){>'&?9Cﬁ),EBGjPﬂﬀﬁﬃ-.Q2'7&ﬂ&Ps?}3
ﬀﬁﬃ"1ﬃ7ﬂ&DRﬁﬃ,ﬂ(ﬁ
-.1Kr%9CﬁO}9Cﬁﬃ,Q01ﬃ7H'SBﬁ stEFHV7'&ﬀﬁ)ﬀ01ﬃvﬂAjPﬂ(9Cq7%2?Dw>,ﬂL1Krﬂ(&':9Cﬁﬃ,
P
kZVRk
fIﬂ~ﬁﬃ,G9ﬀﬀPﬁﬃﬂ(,ﬂgV&W1ﬃ7%27,.9~1)&ﬂ[?ﬀﬁﬃ"1ﬃ7ﬂ
s
79
W
D.ﬀ&ERﬀV&ﬂ(&,G9S?,.9M1Y ZV&,7ﬀWﬁ)H+1ﬃ0(V]':9Cﬁ),
>,ﬂL1)v'&&,G9ﬀﬀ0%Qﬂ(ﬂﬀvﬂ(jPﬂA9Cq&%
W 2 = s = (p+ q)2
labo
= M2p + 2Mpν −Q2 , W 2 ≥M2p
T
P
kWVG\


	
U§9½5¥ª­¯ §È ½©½¾§
 zpﬂ(&'79ﬀﬁﬃ,GT'&'&01Kr(V]':9Cﬁﬃ,
ep→ e′X ﬂﬀ0EﬀV7ﬂﬀ7,.9ﬀa01ﬃr%Q,Rﬁﬃq&(vﬂﬀﬁO?,G9Cp
d2σ
dQ2dxB
∼ LµνW µν T P kZY.\
 
Lµν
79
W µν
ﬂ(,G9lﬀ&ﬂ(E#7'79ﬀﬁ)7%27,G9+1)N9C&,Rﬂﬀ&RI1)&ER9ﬀ,ﬁﬃ-.v:9l1ﬃN9C7,ﬂﬀ7lB>(,ﬁﬃ-.?k
Lµν
DH-.ﬁv7ﬂ(9:sR'79ﬀ&%&,G9']1)'&1ﬃ"1ﬃE>vg*aDLﬂﬀ'SB>(WRRV&'&(ﬁﬃ(1c !ﬁ),G9C&ﬀ'79ﬀﬁﬃ,R
1Y ZV&1)&'79ﬀﬀ,]7'+1)HEB9ﬀ,Pﬁ)(9CR&1Yk. _v'&,ﬂ(9C,G9C+RI'7E1ﬃWHV&1)&':9Cﬀ%QW,V79ﬀﬁﬃ-.HV79C,G9
y
?ﬁﬃ"1)D
,ﬂ,'&,ﬂﬀﬁ)V&(,ﬂﬁﬃ'&ﬁH-.1ﬃtE(4'7&ﬂ(ﬂﬀﬂQE(&%ﬁﬃ7pﬀ(t ﬁ)1=j$V7'SB>,W
 Z,@ﬂﬀ&R1
EB9ﬀ,t79&D>>,ﬂL'&0'&ﬂ&D
Lµν
EF&R9lﬂ7 !V7'&ﬀﬁ)ﬀ001Kr%2,ﬁ)q&(vﬂﬀﬁO?,.9ﬀp
Lµν =
1
2
∑
s′
jµjν avec jµ = u¯(k
′, s′)γµu(k, s)
T
P
kW[\
=
1
2
Tr [(k′ +m)γµ(k +m)γν]
= 2[kµk
′
ν + kνk
′
µ − (kk′ −m2)gµν]
U
=B>EﬁO9Cﬀ
P
k _ﬁ #ﬂﬀﬁ),J
 ZV&1)&'79ﬀﬀ,Rﬂ>(V]':9Cﬁ),ﬂHﬁﬃ,R'&1ﬃRﬂﬀﬁ)&ﬂL79LRﬁﬃﬂ(9ﬀﬀﬁ)"R9Cﬁ),ﬂMRE(9ﬀ,ﬂ
]&'
gµν
1)+9C7,ﬂﬀ7l%2V:9Cﬀﬁ)-.D
γµ
1ﬃ7ﬂH%Q?9ﬀﬀﬁ)'&&ﬂ
4× 4 0*IﬁﬃC?'D u(k, s) 1ﬃ+ﬂﬀEﬁ),&HRE(9C,
D
79
u¯(k, s) = u†γ0
k
W µν
Dw-.>,G9+1)ﬁYD4V&'7ﬀﬁO9+1c !ﬁ),.9ﬀ&ﬀ'79ﬀﬁﬃ,JEB?9C,4ﬁ)(9ﬀ&1_]7'a1)ERﬀ9ﬀ,
k>dm1^ﬂ& ZV&'7ﬀﬁO9+1K
y
&,ﬂ(ﬁ)?,G9ﬀ
W µν =
∑
X
< X|Jµ(0)|p, s >∗< X|Jν(0)|p, s > δ(
∑
X
pX − p− k + k′) T P k f \
 
Jµ
&ﬂA901Y ZE#V7C?9ﬀ&I1ﬃP']1zEF&ﬀ%79(9S,G9v1)aE>?ﬂﬀﬂC?Wpp1Y ZV79C?9
p
Eﬀ?9C,'7ﬁﬃ"1)apﬂ(Eﬁﬃ,
s

1Y ZV79C?9HB>Rﬀ,ﬁ)-.v{>,>1~T ﬁﬃ,V:9C7ﬀ%ﬁﬃ,V]\
X
k
fIﬂ=V&'7ﬀﬁ),ﬂ
W µν
N1ﬃ
y
7,J1KE1ﬃRﬂ=WV7,V&ﬀ1ﬃ?D]7'
gµν
D
µναβ
D
pµ
D
qµ
DR7,Jﬀ7ﬂﬀEF&'79C,G9
1KE>ﬀﬁO9CV79p1c !ﬁ),G?ﬀﬁK?,'&ﬀRWkX ^Q9C7,ﬂﬀ7pB>(,ﬁ)-PRQEF&R9?1ﬃ(ﬂ8ﬂ7 !V7'&ﬀﬁ)ﬀ<7,
y
,':9Cﬁﬃ,
t&Ps
y
,'79ﬀﬁﬃ,RﬂRﬂA9C('79ﬀﬀ?D
W1
:9
W2
D[V7'&(ﬁ)?,G91Kﬂ(9ﬀﬀ':9C(ﬁﬃ,G9ﬀ&ﬀ,RR@E(9C,@:9
V&EF&,R>,G9l&ﬂl&Pst?ﬀﬁK?"1ﬃ7ﬂMﬁﬃ,RV&EF&,>?,.9ﬀ&ﬂl01Kr(V]':9Cﬁﬃ,
D
Q2
:9
xB

W µν = (gµν +
qµqν
q2
)W1(xB, Q
2) + (pµ − pq
q2
qµ)(pν − pq
q2
qν)W2(xB, Q
2)
T
P
kSQ\
dm1M&ﬂA9V&WG?1ﬃ&%&,G9EFﬂﬀﬂ(ﬁﬃ"1)<
 ZR9Cﬁ)1ﬃﬁ)ﬂﬀ&81ﬃ7ﬂ
y
,'79ﬀﬁﬃ,RﬂpJﬂ(9ﬀﬀ':9C(
F1
:9
F2
Dﬂﬀ,ﬂﬁ)%27,ﬂﬀﬁ),
D
V7{,ﬁﬃ7ﬂL9ﬀ&1)1ﬃ&ﬂH-.
F1 = W1
T
P
kWUG\
F2 = pqW2
fIRﬂlEFR,ﬂl1)ﬀﬂHV7'&ﬀﬁ)ﬀv1ﬃrﬂﬀ&':9Cﬁ), T']'7ap1Y !ﬁ)N
F1
79
F2
01ﬃ%2,ﬁ)q&(NﬂﬀﬁO?,G9C
d2σ
dQ2dxB
=
4piα2
Q4
[
F1(xB, Q
2)y2 +
F2(xB, Q
2)
xB
(1− y − MxBy
2E
)
]
T
P
kWXG\
avec y =
pq
pk
labo
=
ν
E
 _7ﬂ+(V&ﬂﬀR1)9S}9Cﬂ+R&ﬂ+us4E#V7ﬀﬁﬃ7,'&7ﬂN4 _l ,.9+%2,.9ﬀﬀV-.D#E#R
Q2 > 1
/v  2 Dw'&&ﬂ y ,':3
9Cﬁ),ﬂz=ﬂA9CﬀR'79CRﬀMV:9Sﬁ)&,G9ﬁ),V&EF&,R>,G9C7ﬂ
Q2
D?
xB
,,V?kG+ Z&ﬂA9[1KlEﬀERﬀﬁﬃV:9CV~
 Zﬁﬃ,G?ﬀﬁﬃ,'&

 ZV&'SB71ﬃ1ﬃ?k}*N,ﬂX1ﬃg%2Pq71ﬃg&ﬂzE>A9C,Rﬂ&D}' Z&ﬂ(9|1KHﬂﬀﬁ)W,>?9ﬀﬀ~~1KLEﬀV7ﬂﬀ7,'&MRbﬂ(ﬂA3 '&,Rﬂ(9CﬁO9C>?,.9ﬀﬂ
E#,'79ﬀ&1)ﬂL1c !ﬁ),.9ﬀV&(ﬁﬃ&RMtEﬀ?9C,
k

 
Â§[° ¦D¨­§[¦e§9®¹± ©³l¥¯®
 z?ﬀﬁﬃ"1)
Q2
ﬀ&ERﬀV&ﬂ(&,G9C1KPﬁﬃ(9ﬀ>1)ﬁ)9CVJREB?9C,	Pﬁﬃ(9ﬀ&1LV7'SB>,WVT
Q ∼ 1/λ)   λ
&ﬂA9I1ﬃp1ﬃ,W&H !,R0ERB9C,PﬁﬃA9C71Yk
Q2
'&(ﬀ&ﬂ(E#,1)ﬀﬂM1ﬃrﬀV&ﬂ(1ﬃ49Cﬁﬃ,R1ﬃrﬂﬀ,R
V&1)&'79ﬀﬀ%2W,RV79Cﬁ)-.k7+ﬁﬃ,RﬂﬀﬁYD&ﬁﬃ1
y
49z?9ﬀ9ﬀ&ﬁﬃ,Rﬀ[,'&7(9Cﬁﬃ,
Q2
T g1Y Zﬀ([a/0 v\^EF^-.~'&:9ﬀ9ﬀ
&(,ﬁﬃq7ﬀLE>APﬁﬃ&,R,l(V&ﬂﬀﬀI1KNﬂA9CﬀR'79CRﬀ+ﬁ),G9C&(,L,PR'&1ﬃV7,
k44ﬁcDG43 &1ﬃ0 !,2'&7(9S?ﬁﬃ,
Q2
D
1ﬃ7ﬂ
y
,':9Cﬁﬃ,ﬂMvﬂA9CﬀR'79CRﬀv,v%,G9C(&,G9HE>ﬂHRvV&EF&,,'&07,
Q2
DR'7&1ﬃrﬂﬀﬁﬃW,ﬁ){>+-PRv1Y Zﬁﬃ%2W
,PR'&1ﬃV7,ﬀ&ﬂA9Clﬁﬃ,'SB,WV7l:9~-PRI1c !V71ﬃ&':9C(,ﬁ #ﬂﬀLﬂ(g,Q7ﬂgﬂﬀﬂ63m'7,ﬂ(9ﬀﬁ)9ﬀ>,G9Cﬂ~E#,'79ﬀ&1)ﬂ
t,.'&1)V&,
k
X
eg(&%ﬁﬃq7ﬀvE>A9Cﬁ)pF59CﬁO??9Cﬁ),ﬂMEBGjPﬂﬀﬁ)-.&ﬂ
 _t%4Rq&1ﬃJR&ﬂQE(9ﬀ,ﬂﬂﬀﬂ(ﬁﬃ%ﬁﬃ1)J1ﬃﬀﬂ&D@ERﬀ&%ﬁﬃ7ﬀ(D[1ﬃ(V]':9Cﬁ),,ﬁ ﬂ(ﬁﬃ,
V&1ﬃﬂ(9ﬀﬁﬃ-.lI1c !V71ﬃ7'79C(,Qﬂ(=R,QﬂﬀﬂA3 '&,ﬂA9CﬁO9C>,G9=E#,R'79CR&1F79M1)ﬁﬃ"(L<,.'&1)V&,41)IE(9ﬀ,
kP _
ﬂﬀ7'79Cﬁ),tGT']?'&E#7R9I1ﬃ(ﬂMﬂ& ZV&'7ﬀﬁ)ﬀ01Kr%2,ﬁﬃq7ﬀNﬂ(ﬁ)?,G9ﬀ
d2σ
dQ2dxB
=
∑
partons a
∫ 1
0
dξ
[
dσea
dQ2dxB
(ξ)
]
fa/N (ξ)
T
P
k
P
\
]&'
fa/N (ξ)
DP1KaE(">"Rﬁﬃ1ﬃﬁO9CVl-.v1ﬃIE>(9ﬀ,
a
E#A9CN1ﬃ
y
C?'79Cﬁ),Q !ﬁ)%2ER1ﬃﬂﬀﬁ),
ξ
J,.'71ﬃV&,
N
D
79
σea
D|1ﬃﬂﬀ7'79ﬀﬁﬃ,h T2'&'&tQ1KRﬁ #ﬂﬀﬁ),V&1ﬃﬂ(9ﬀﬁﬃ-.
ea → ea k[,	E#ﬂC,G9p1c !BGjPE#?9CBq7ﬂﬀ<-.
1ﬃrERB9C,4ﬁ)(9ﬀ&1ﬁ),G9C&ﬀWﬁO9v]7'R,E(9ﬀ,ﬂﬀEﬁ),
P 
R4D#1ﬃa9ﬀ&,ﬂ(&0B>?ﬀ,Rﬁﬃ-.ﬂ(ﬂﬀP'&ﬁﬃVr
E>A9C,
a
EF&49Lﬂ& ZV&'&(ﬁﬃ(09ﬀ&1^-.
W µνea = (g
µν +
qµqν
q2
)δ(1− xB
ξ
)
e2a
2
+ (ξpµ − pq
q2
qµ)(ξpν − pq
q2
qν)e2aδ(1−
xB
ξ
)
T
P
k
PjP
\
]&'
ea
1Ka'SB>?ﬀWvtE>?(9C,
a
k ^&ﬂ
y
,R'79Cﬁ),ﬂ
δ(1− xB
ξ
)
ﬁﬃ%E#ﬂ(&,G9M1c !V7WG1)ﬁ)9CVl&,G9ﬀﬀv1K
y
ﬀ'79ﬀﬁﬃ,

 Zﬁﬃ%E1ﬃﬂ(ﬁﬃ,
ξ
RJE>(9ﬀ,<:9H1K8?(ﬁK"R1ﬃ
xB
(&1)ﬁﬃV&+JEB?9C,QPﬁ)(9CR&1Yk4[,J
 !R9C(&ﬂM9ﬀ&ﬀ%&ﬂ7DR'7
&(,ﬁﬃ7[ﬁO9[EﬀV7ﬂﬀ7,.9ﬀ&~1K+?1)&
xB
E#R[o79C(l"ﬂﬀﬀ"FVHE>[,-.>ﬀa
y
C':9Cﬁﬃ,p
 !ﬁ)%2ER1ﬃﬂ(ﬁﬃ,
ξ
k> ^7ﬂ
y
,'79ﬀﬁﬃ,ﬂHRﬂA9C('79ﬀﬀ,0V&EF&,R&,G9IE>ﬂL
Q2
']?lR,0ﬀV]?'79Cﬁ),tV&1ﬃﬂ(9ﬀﬁﬃ-.N9C71ﬃ1)N-.
ea→ ea ,RvV&EF&,t-.0
 Z,vﬂ(&1)N?ﬀﬁK?"1ﬃ?DRrV7,&(Wﬁﬃv y ?ﬁﬃﬂﬀ'7]JR,,V7k> ^v%4q71ﬃI&ﬂ
E>A9C,ﬂHEF&(%2:9lﬁﬃ,Rﬂﬀﬁ^
 Z:s4E1)ﬁﬃ-.&H1c !ﬁ),G?ﬀﬁK?,'&N !V7'SB&1)1ﬃ0"ﬂ(&(V&?k
 E>(9ﬀﬁﬃMR&ﬂLEﬀV7'&V7&,G9C7ﬂ+usRERﬀ&ﬂ(ﬂﬀﬁ),ﬂ&D>1c !ﬁ),G9CV&WC?9ﬀﬁﬃ,<ﬂ(
ξ
EF&ﬀ%79M
 !"R9C7,ﬁﬃH1c !usRERﬀ&ﬂ(ﬂﬀﬁ),
&ﬂ
y
,R'79Cﬁ),ﬂH0ﬂA9CﬀR'79CRﬀ&,
y
,'79ﬀﬁﬃ,JR&ﬂlﬁﬃﬂA9Cﬀﬁ)"R9ﬀﬁﬃ,ﬂ=0E>(9ﬀ,ﬂ0
F1(xB) =
1
2
∑
a
e2afa/N (xB)
T
P
k
P
R\
F2(xB) =
∑
a
e2axBfa/N (xB)
T
P
k
P
VG\
e|~ﬁ)1ﬃ1)&(ﬂ&D,Rﬂbx,ﬂb1Kvﬀ71K?9ﬀﬁﬃ,p+M1)1K,436/0(ﬂﬀﬂ7D-.ﬁF0V79CVL?1ﬃﬁ)V&Hus4E#V7ﬀﬁﬃ%&,G9C1ﬃ7%27,.9L
F2(xB) = 2xBF1(xB)
T
P
k
P
Y.\
=79(9C(&1ﬃ?9Cﬁ),@'7,R{>(%21ﬃﬀﬂ1K,>?9CRﬀ
y
7ﬀ%ﬁﬃ,Rﬁﬃ-.&ﬂ2E>(9ﬀ,ﬂ7kH=79(9Cﬁﬃ%2Wt&ﬂQE>A3
9C,Rﬂ+&ﬂA901)ﬀﬂI'&%E>?9ﬀﬁﬃ"1)8]&'p'&71ﬃ1)a7ﬂN-.>ﬀ.ﬂv81K 0M*ak*+rE1)ﬂ&D#1Y Zﬁﬃ,G9CV7WC}9Cﬁﬃ,ﬂ(
xB

F1(xB)
Dz(&E(V&ﬂ(&,G9S,G91ﬃE(">"Rﬁﬃ1ﬃﬁO9CVp-.
 Z,-.>(E#A9C1K
y
C':9Cﬁﬃ,
 Zﬁﬃ%E1)ﬂﬀﬁ),
xB

,.'&1)V&,
D>R,,'7'&q&ﬂl1K
y
ﬀ'79ﬀﬁﬃ,J
 Zﬁﬃ%E1)ﬂﬀﬁ),Jt,.'&1)V&,E#(9CV70E>H1ﬃ7ﬂL-Pﬀ.ﬂ&k
 _7ﬂg:s4E#V7ﬀﬁ)&,'7&ﬂ=RlRﬁ #ﬂﬀﬁ),Eﬀ
y
,V&%&,G9~ﬁﬃ,RV&1K?ﬂ(9Cﬁ)-.0TU,R,2EF1ﬃﬀﬁ)ﬂﬀV&]\X,G9bﬁﬃ,Rﬂﬀﬁ>%,G9CﬀV
-.
 `E#7E(q&ﬂm[ 1c !ﬁ)%2ER1ﬃﬂ(ﬁﬃ,h@,.'&1)V&,7ﬂ(9QE#A9CV7E>?21)&ﬂ-Pﬀ.ﬂ&Db1ﬃﬀ7ﬂ(9CV79C,G9
?9ﬀ9ﬀﬀﬁ)"Vv&ﬂLE>?(9Cﬁ)'&1)&ﬂHﬁ)&,G9CﬁO{>V&7ﬂl4stW1),ﬂHR1ﬃ 0M*ak
=Q,
 Z&ﬂA9r-.Q,ﬂ,'&7(9Cﬁﬃ,ﬀV7Wﬁﬃ%-PRQ1Y Zﬁﬃ,G9ﬀ&ﬀERﬀV79C?9Cﬁ),1Y Zﬁﬃ,G?ﬀﬁﬃ,'&
 ZV&'SBR&1ﬃ1)27,
Q2
D>,Rﬂv1ﬃa%Pq&1)a7ﬂvE>(9ﬀ,ﬂ7D&ﬂA9v?1K"R1ﬃ1ﬃaﬀV&Wﬁﬃ%ap;^(ﬀ?&,
k_=pR&ﬀ,Rﬁﬃ&+&ﬂ(9NV7{>,Rﬁ
'&%%N1ﬃv(V&Wﬁ)%2NEFL1)&-.&1^1)&ﬂHE>?(9C,ﬂLﬂﬀ,G9Iﬂ(jP%ER9C?9Cﬁﬃ-.7%27,G9L1ﬃﬁﬃ"Rﬀ&ﬂv
• Q2, ν →∞ D
• xB = Q22pq
{Rs4Vk
P

=B>EﬁO9Cﬀ
P
k _ﬁ #ﬂﬀﬁ),J
 ZV&1)&'79ﬀﬀ,Rﬂ>(V]':9Cﬁ),ﬂHﬁﬃ,R'&1ﬃRﬂﬀﬁ)&ﬂL79LRﬁﬃﬂ(9ﬀﬀﬁ)"R9Cﬁ),ﬂMRE(9ﬀ,ﬂ
*N,ﬂ2'&ﬀV&Wﬁﬃ%D
xB
ﬀ7EﬀV7ﬂﬀ7,.9ﬀ1K
y
C?'79Cﬁ),$
 !ﬁ)%2ER1ﬃﬂ(ﬁﬃ,	,.'71ﬃV7,EF(9ﬀV&E>1ﬃ-Pﬀ
ﬁﬃ,G9C7CWﬁﬃﬂﬀﬂﬀ,G9l]&'1ﬃvERB9C,tPﬁ)(9CR&1Yk
 _0%4Rq&1ﬃ+&ﬂLE>A9C,Rﬂl7ﬂ(9l">ﬂ(V8ﬂ(L,
y
':9C(ﬁﬃﬂC}9Cﬁﬃ,<&,G9C(2

,V79C?9E#7(9ﬀﬀ">}9Cﬁ
y
D#V&'7ﬀﬁO987,G9Cﬁﬃq7ﬀ7%27,.9E>?vE 0M* 
1ﬃtE(9ﬀﬁﬃ 6Rﬀ T  	 $>\uD
ﬀ7EﬀVu3
ﬂ(&,G9S,G9I1Y Zﬁﬃ,G9C7C':9Cﬁ),J&,G9C(01ﬃvEB?9C,tPﬁﬃ(9ﬀ&179l,&ﬂl-.>ﬀ.ﬂL,.'&1)V&,
D

:9IR,V:9S?9l,,EF&(9ﬀﬀ"?9Cﬁ
y
DR,,']?1ﬃ'&R1K"1)v,>?1)j.9Cﬁ)-PR&%&,G9LE> 0M* :9LE>ﬀ%2V:9C(ﬁﬃﬂﬀV
E>?=1ﬃ7ﬂ
y
,R'79Cﬁ),ﬂb+ﬂA9CﬀR'79CRﬀrP1KE>(9ﬀﬁﬃ 6%1ﬃ1)0T ﬀ   
(\~V7'&(ﬁ)?,G9M1ﬃ8ﬂ(9ﬀﬀ':9C(Nﬁﬃ,G9ﬀ&ﬀ,R
,,EF&A9C(">?9CﬁO0,.'&1)V&,
k
 Wﬀ,
Q2
D41c !ﬁ),G?ﬀﬁK?,'&L
 ZV&'SB71ﬃ1)+,
 Z&ﬂA9LE>ﬂb9ﬀ}(RﬀﬂbV&(ﬁ){>V7k ^7ﬂ=Pﬁﬃ1ﬃ?9Cﬁ),ﬂg'&,Rﬂ(9S}9CV&7ﬂ
,V&'7&ﬂ(ﬂﬀﬁ)9ﬀ&,G9X,~&ﬂ('&ﬀﬁ)ER9Cﬁ),0E1ﬃRﬂz'7%E1ﬃq:9C[g1K 0M*aDxE(&,>?,.9X&,'&%2ER9ﬀg1Y Zﬁﬃ,G9C7C':9Cﬁﬃ,N&,G9C(
1ﬃ7ﬂM-.>ﬀ.ﬂL79M1ﬃ&ﬂHW1ﬃ,Rﬂ&k ^7ﬂHV&-.>?9ﬀﬁﬃ,ﬂM*v/ ^+e Tc*I.ﬂﬀBﬁO9Cn&7&DF/vﬀﬁ)"#xFDR ^ﬁ)E>?9CxFDRI1)9Cﬀ71ﬃ1ﬃﬁw:9
e|(ﬁﬃﬂ(ﬁ \bﬂ('SBﬀW7,G9Nﬁ),ﬂﬀﬁ0V&'7ﬀﬁﬃ(01KrV7E#7,>,'787,
Q2
R&ﬂ
y
,':9Cﬁﬃ,ﬂH0ﬂ(9ﬀﬀ':9C(k

 
B½5¥ª­B®b¦e§Ã®3¥3³zŁ½5¥vŁ'³z§T±¨©³zª®3¶D§9®
fIﬂzﬁﬃ,G9ﬀﬀPﬁﬃﬂ(,ﬂzIERﬀV&ﬂ(&,G91)&ﬂ
y
,':9Cﬁﬃ,ﬂXRbﬂA9CﬀR'79CRﬀ=EF1ﬃﬀﬁ)ﬂﬀV&7ﬂ&k  ^(ﬂﬀ-.=1c !,al,
y
ﬁ)ﬂA3
'&&r79,='7ﬁﬃ"1)bEF1ﬃﬀﬁ)ﬂﬀV&ﬂ7D M,4]?4sr9ﬀ&ﬀ%&ﬂ7D?,.9ﬀﬁﬃﬂAj4%V79ﬀﬀﬁ)-PR&ﬂ&D
y
,G91)&|EE>?ﬀﬁ)9ﬀﬁﬃ,>,Rﬂ
1Y Z:s4E(&ﬂﬀﬂ(ﬁﬃ,Q1ﬃﬂﬀ7'79ﬀﬁﬃ, T']'7kgiN,EF&R9a1ﬃ7ﬂa:sP9ﬀCﬁ)ﬀ:s4E#V7ﬀﬁ)%27,.9C1ﬃ7%27,G9r&,%27ﬂﬀﬀ,G9
1Krﬁ V7ﬀ7,'&v7,.9ﬀﬀ1ﬃ7ﬂHﬂﬀ&':9Cﬁ),ﬂLGT']?'&&ﬂl t1KrEF1ﬃﬀﬁ)ﬂC?9ﬀﬁﬃ,201Y ZV&1ﬃ7'79ﬀﬀ,J7ﬂ(9lﬀ7ﬂﬀEF&'79ﬀﬁ)&%&,G9
E>ﬀ1ﬃ1)q&1ﬃI79l,G9ﬀﬁO3mEC1)1ﬃq71ﬃI'7&1ﬃ1)N01Kp'7ﬁﬃ"1)k
*+&4s,4&1)1ﬃ7ﬂ
y
,':9Cﬁ),ﬂlaﬂA9CﬀR'79CRﬀD
g1(xB, Q
2)
79
g2(xB, Q
2)
DFﬀ71ﬃﬁﬃV7&ﬂIQ1Kﬂ(9ﬀﬀ':9C(
&,@ﬂﬀEﬁ),7ﬂQ-.>(PﬂQ,.'71ﬃV&,
Dbﬂ(,G9<?1ﬃ(ﬂﬁ),G9CﬀPﬁO9C7ﬂ&k~ ^%4Rq&1ﬃt7ﬂQE>?(9C,ﬂ&Dg>,RﬂQ1ﬃ
ﬀV7Wﬁﬃ%N;_((7,
D>EﬀV7ﬁ)9L-.
g1(xB) =
∑
a
ea
2
∆fa/N (xB)
T
P
k
P
[\
g2(xB) = 0
T
P
k
Pf
\
]&'
∆fa/N (xB)
Dw1ﬃﬁ V7ﬀ7,'&&,G9C(a1)&ﬂLEﬀ">"ﬁ)1ﬃﬁ)9ﬀV&ﬂH-.81ﬃ0E>A9C,
a
DFEFA9S,G9l,
y
C':9Cﬁﬃ,

 Zﬁﬃ%E1ﬃﬂ(ﬁﬃ,
xB
D=E(V&ﬂ(&,G9C,ﬂ(Eﬁﬃ,(&ﬂ(E#7'79CﬁO7%27,.9tEC1)1ﬃq71ﬃt79t?,.9ﬀﬁO3 E>C?1ﬃ1ﬃq71ﬃtﬂﬀEﬁ),
,.'&1)V&,
k z
y
,':9Cﬁ),J0ﬂ(9ﬀﬀ':9C(8EF1K?ﬀﬁﬃﬂ(V&
g1(xB)
V7'&(ﬁ)9l1)ﬀﬂM1ﬃpﬁﬃﬂA9Cﬀﬁ)"R9ﬀﬁﬃ,<7,ﬂ(Eﬁﬃ,t7ﬂ
-.>ﬀ.ﬂL,.'&1)V&,
k


_ ¨­§9®A¦e§[®3¯° ° §
 _7ﬂ|%%&,G9Cﬂz&ﬂ
y
,'79ﬀﬁﬃ,RﬂXbﬂ(9ﬀﬀ':9C(Mﬂﬀ,G9[R&ﬂ|ﬁ),G9CV&WC?9ﬀﬁﬃ,ﬂzﬂﬀR
xB
79|1ﬃ~, ieme %2%27,.9
01K
y
,R'79Cﬁ),
F (xB)
ﬂ& ZV&'&(ﬁ)9H9ﬀ&1^-.
Γn =
∫ 1
0
dxB x
n−1
B F (xB)
T
P
k
P
Q\
*+&ﬂ8EﬀV7ﬁﬃ':9Cﬁﬃ,ﬂ0">ﬂﬀV7&ﬂ8ﬂﬀ1KJﬂ(jP%V79ﬀﬀﬁﬃ
 Zﬁﬃﬂ(ﬂﬀEﬁ),:92'71)&QﬃﬂrTVG\N%2q7,&,G9a1K
ﬀq7W1ﬃpﬂ(%2%p;_((7,(&1ﬃﬁﬃ,G9v1ﬃ7ﬂ
y
,'79ﬀﬁﬃ,Rﬂvﬂ(9C('79ﬀﬀEF1K(ﬁﬃﬂ(V&&ﬂvRE(9C,:9
PjP
eg(&%ﬁﬃq7ﬀvE>A9Cﬁ)pF59CﬁO??9Cﬁ),ﬂMEBGjPﬂﬀﬁ)-.&ﬂ
,&49Cﬀ,
D
gp1(xB)
79
gn1 (xB)
D.4s'7,ﬂA9S,G9C7ﬂ=L'7E1ﬃWl}s4ﬁK1
gA
:9~&':9C&R
gV
Q,.'71ﬃV7,
∫ 1
0
dxB(g
p
1(xB)− gn1 (xB)) =
1
6
∣∣∣∣∣gAgV
∣∣∣∣∣ (1 + correctionQCD) T P k P U\
∼ 0.21(1 + correctionQCD)
gA
:9
gV
ﬂ(,G9=V:9C7ﬀ%ﬁﬃ,V7&ﬂg4ﬁﬃ1ﬃvV&ﬂ(ﬁﬃ,G9CV7WC?9ﬀﬁﬃ,
y
ﬁ)"1ﬃ
β
RQ,7R9C(,
k4=79(9Clﬀq&W1ﬃLlﬂﬀ%%2
pV79CVvV&ﬀﬁO{>V&0usREFV&(ﬁﬃ%&,G9S?1ﬃ&%&,G9lMgIf   V

:9+R ^l   Y

]&'
8%
0E(V&'7ﬁﬃﬂﬀﬁ),
k
e|ﬁ)1ﬃ1)&(ﬂ&Dz1ﬃJE(&%ﬁﬃ&a%2%&,G9pR
g1(xB)
&ﬂ(9(&1ﬃﬁ)VJ
∆Σ
D[1K
y
ﬀ'79ﬀﬁﬃ,hR$ﬂ(Eﬁﬃ,h9ﬀ9S1
	,.'&1)V&,$Eﬀx&,>,G9Q@ﬂ(Eﬁﬃ,	ﬁ),.9ﬀﬀﬁ),ﬂﬀq7-PRR&ﬂ-Pﬀ.ﬂ&k~[,$#79]D[1)&ﬂ%&ﬂﬀRﬀ&ﬂﬂ(
g1(xB)
,G9v%,G9CﬀVa-PRpﬂﬀ&R1ﬃ&%&,G9?R 3 Rj[
%
ﬂ(Eﬁﬃ,,.'71ﬃV&,Eﬀx7,>ﬁO90ﬂﬀEﬁ),ﬁﬃ,G9C(ﬁﬃ,ﬂ(q&-.r7ﬂ
-.>ﬀ.ﬂ7k_=pﬀV7ﬂﬀ1O9S?9vﬁ),>?9(9C&,R<V79ﬀV<1Y Zﬀﬁ)Wﬁﬃ,
 Z,pﬂ(V&ﬀﬁ)p
 Z:s4E#V7ﬀﬁ)&,'7&ﬂvPﬁﬃﬂC?,.9v<V79CRﬁﬃ7
1Kr%2,ﬁ)q&ﬀ+,G9l1ﬃvﬂﬀERﬁﬃ,t,PR'&1ﬃV7,&ﬂ(9IﬀV7E>A9Cﬁ
E>?ﬀ%ﬁ
'&7ﬂIﬂ(ﬂA3 '&,Rﬂ(9CﬁO9C>?,.9ﬀﬂ&k
 _vﬂ(Eﬁﬃ,JR,.'71ﬃV7,tE#7R9Lo79ﬀﬀv:s4E(ﬁﬃ%VN'&%2%N1K8ﬂﬀ%%2+&ﬂH'7,G9Cﬀﬁ)"R9ﬀﬁﬃ,ﬂ=vﬂﬀ7ﬂlﬂ(ﬂ63
'&,Rﬂ(9CﬁO9C>?,.9ﬀﬂ&D>01ﬃ
y
&,tﬂ(ﬁ)?,G9C
1
2
= 1
2
∆Σ + ∆G+ LqZ
T
P
k
P
XG\
]&'
∆G
D>1ﬃ'7,G9C(ﬁﬃ"R9ﬀﬁﬃ,J9ﬀ9S1)0Eﬀx7,>,G9NR&ﬂlW1ﬃ,ﬂ&D>:9
LqZ
Dw1ﬃ'7,G9C(ﬁﬃ"R9ﬀﬁﬃ,t%2%27,.9
,WR1Kﬁ)ﬀaﬀ"ﬁO9S1X&ﬂ-.>ﬀ.ﬂ7k_*+&ﬂ:s4EFV&ﬀﬁ)&,'7&ﬂ%27,V&7ﬂ0E>01ﬃ7ﬂv'&1)1K"FC}9Cﬁﬃ,ﬂ  Ig+5~
*N~  T
Ee = 27
/v 0\L79vHi5e#vR?MgIf T
Eµ = 200
/0 v\LPﬁﬃﬂ(&,G90Q%&ﬂ(ﬀ7
∆G

9Cﬀx&(ﬂl1ﬃpEﬀP':9Cﬁﬃ,RE(9ﬀﬁﬃ'&R1ﬃ&ﬂ   	   ﬀ:k
H'79CR&1ﬃ1)&%&,G9]Dz1Y Z,ﬁ)-.2%xj7,hQ%&ﬂ(ﬀ7
LqZ
7ﬂ(9rR<E>ﬂ(ﬂﬀ&aE>aR,Q(q&W1)Q2ﬂﬀ%%2
ﬁﬃ%E1ﬃﬁ)-.>,G9a1)&ﬂﬁ)ﬂ(9C(ﬁﬃ"49Cﬁﬃ,ﬂatE>?(9C,ﬂWV&,V7C1)ﬁﬃﬂ(V&&ﬂTc/eg*+ﬂC\r-PR,Rﬂ1ﬃ1),ﬂrﬁ),G9CﬀPﬁ)ﬀ
>,ﬂL1)v'SB>EﬁO9Cﬀvﬂ(ﬁ)?,G9&k
P
R
 

 F  
  	

    

 J  	


 ^

      

<     @
 
^ 
	 

\ª¶9° ©¥ªWŁe§»¦e§9®^³z¶9©½5¥ª­B®A§'½¾¨Ł®3ª ¿À§9®
 zt*+ﬁ Rﬂﬀﬁﬃ,=%2ER9ﬀ,Eﬀ
y
,V7%27,.9vPﬁ)(9CR&1ﬃ1)tTc*MIH\vﬂﬀR1)pEﬀ?9C,
Dﬁﬃ1ﬃ1)ﬂ(9ﬀﬀV7rE>01K
{>W(MR4k
P
D'7,ﬂﬀﬁ)ﬂ(9ﬀp&,1KQ(V]':9Cﬁﬃ,:s4'&1)ﬂﬀﬁO
ep → epγ k^e|vﬀEEF(9v']ﬂv*+dAFD^ﬁﬃ1|7ﬂ(9
,V&'7&ﬂ(ﬂCﬁ)ﬀ0
 Zﬁﬃ,G9C(4RﬁﬃﬀvR,RR71ﬃ1)&ﬂH?ﬀﬁﬃ"1ﬃ7ﬂMEFHV7'&ﬀﬁ)ﬀ01Kr(V]':9Cﬁ),*HIHFk
 R4k
P
*+ﬁ ﬂ(ﬁﬃ,=%ER9ﬀ,tEﬀ
y
,V&%&,G9HPﬁﬃA9C71ﬃ1)Tc*MIH\uk
fIﬂaﬁﬃ,G9C(4Rﬁﬃﬂﬀ,ﬂrﬁ),ﬂﬀﬁb1Kt?ﬀﬁK?"1ﬃ
t
D|(&E(V&ﬂﬀ7,G9S,G91ﬃ<'&ﬀ(V<<1c !ﬁ)%2ER1ﬃﬂ(ﬁﬃ,9Cﬀ,ﬂ
y
V&ﬀV7
E>H1)vEB9ﬀ,J4ﬁ)(9ﬀ&1^ﬁ),'&ﬁ)&,G9lEB9ﬀ,tﬀV7&1^ﬂﬀ(9S?,.9
t = (p− p′)2 = (pγ − q)2 T RPk P \
]&'
p
D
p′
D
q
79
pγ
ﬀ7ﬂﬀEF&'79ﬀﬁ)&%&,G901ﬃ7ﬂ+-.>(ﬁO3 ﬁﬃ%E1ﬃﬂ(ﬁﬃ,RﬂHEﬀ?9C,Rr1K'&ﬁﬃ"R1ﬃDFE(9C,
0ﬀ7'&1cDEB9ﬀ,J4ﬁ)(9ﬀ&1^:9IR
γ
EﬀPﬁO9]k
P
V
eg(&%ﬁﬃq7ﬀvE>A9Cﬁ)pF59CﬁO??9Cﬁ),ﬂMEBGjPﬂﬀﬁ)-.&ﬂ
fIﬂgﬁ),.9ﬀﬀPﬁ)ﬂﬀ,ﬂ[V7WG1)&%&,G9g1K+?(ﬁK"1)
Φ
DG'&ﬀﬀ7ﬂﬀEF,>?,.9=v1Y !,W1)M&,G9ﬀﬀl1ﬃHE1ﬃ,1ﬃ&E49C?3
,ﬁﬃ-.?DwV7{>,RﬁXE>?I1c !V71ﬃ&':9C(,ﬁ),'&ﬁ)&,G9l79I1Y ZV&1)&':9Cﬀ,ﬁ ﬂ(VDw79I1ﬃ0E1ﬃ,B>(,ﬁﬃ-.?D#RV7{>,ﬁzE>
1ﬃNERB9C,PﬁﬃA9C71^ﬁﬃ,'7ﬁﬃ7,G9]D1)vEﬀ9ﬀ,t0ﬀ7'&1^:9I1)vEB9ﬀ,ﬀV&71
{>,>1~T ﬁ)H1Ka{>Wﬀ?R4kWR\:k
 KR4kSR

 [ `?,W1ﬃ
Φ
ﬀ7EﬀV7ﬂﬀ&,G9ﬀ1Y !,W1ﬃ7,G9Cﬀ1ﬃER1K,1ﬃ7ER9C,ﬁﬃ-.$T V7{>,RﬁvE>J1Y ZV&1)&':9Cﬀ,
ﬁﬃ,'7ﬁﬃ7,G9L79l1Y ZV&1)&'79ﬀﬀ,tﬁ RﬂﬀVx\M:9I1)0E1K,tB>?ﬀ,Rﬁﬃ-.2TUV:{>,ﬁ_E>H1)0EB9ﬀ,Pﬁ)(9CR&1^ﬁﬃ,R'&ﬁﬃR&,G9]D
1ﬃNERﬀ9ﬀ,R(&'71^79l1ﬃvERB9C,(V&71_{,>1 \uk
	 
	
Â§Á´µ³z° ©¨­ª®v° §T¦e§9®^¦eª®H¥3³lªÅ Ł'¥ª¯®A¦e§± ©³v¥B® ¶9¶³z©s
¨­ª®¶D§9® «²XÁ®
 1Kp{>,Rﬂﬀﬁ)q&'&1)8R&ﬀ,Rﬁﬃ&7D#5&1)1ﬃ7 
	  W[

Dﬁ  
f 
DlRjPﬂ(B.ﬁﬃ,  ZQ

D
=1ﬃ1ﬃﬁ),ﬂ&D>ﬀ,
y
(9
79.9Cﬀﬁ).%Q,  ZU

,G9p%2,.9ﬀﬀV<-.t1c `%E1)ﬁ)9CRD_	E(&%ﬁﬃ7a(ﬀJJ1ﬃ 0M* E#7(9CRﬀ">?9ﬀﬁ)
TUE 0M*v\uDg1ﬃﬀV]?'79Cﬁ),$
 !V71ﬃ7'79C(E(4R'79Cﬁ),$ERB9C, Tc*MIH\TU:9Q%V&ﬂﬀ,ﬂ&D~*M05e
E# 6*+&7EaNﬁ)(9ﬀ>1P57ﬂﬀ,pe[(4R'79Cﬁ),!6\:D}4s8,RW1ﬃ7ﬂ|]?,G9LT E#:9Cﬁ)9
t
\uD?EFR?ﬁO9Xo:9C(
y
':9C(ﬁﬃﬂﬀV7D
>,ﬂL1)vﬀV&Wﬁﬃ%N;_((&,TUWC,
Q2
D
xB
{Rs4V]\:Dw&,&PsE>(9ﬀﬁﬃ7ﬂv

,RE>?(9Cﬁ) 6(CDM:sR':9C&%&,G9']1)'&1ﬃ"1ﬃE>tE 0M* T  vg*v\uDlﬂ('SBﬀW&,G9R
V7'&(ﬁﬃﬀ01c !ﬁ),.9ﬀ&ﬀ'79ﬀﬁﬃ,J7,.9ﬀﬀ01ﬃvERB9C,PﬁﬃA9C71
79l,7ﬂl-.>?ﬀ.ﬂIR,.'71ﬃV&,
D

,RE>(9ﬀﬁﬃ 6%1ﬃ1)SD[(&E(V&ﬂ(&,G9S,G91KE>A9Cﬁﬃ0M* ,R,E#7(9ﬀﬀ">}9Cﬁ)1ﬃﬂ(9ﬀﬀ':9C(
ﬁ),.9ﬀ&(,R,.'&1)V&,Db:9Q'SB>?ﬀWV7E>ﬀ%V79C(ﬁﬃﬂ(&'&:9ﬀ9C&(,ﬁﬃq7ﬀ&,$9C&(%2t YRﬁﬃﬂA3
9ﬀﬀﬁﬃ"RR9Cﬁ),ﬂLE>(9ﬀ,ﬂlWV&,RV&C?1ﬃﬁﬃﬂ(V&7ﬂaTc/eg*+ﬂIE# (/v&,7C1)ﬁﬃn&7e|A9C,*+ﬁﬃﬂA9Cﬀﬁ)"R9ﬀﬁﬃ,ﬂ A\
,Rﬁ)7ﬀﬂ(&1ﬃ1)&ﬂ0
H
D
H˜
D
E
79
E˜
k
=B>'7,r8'&7ﬂYt/0e~*Iﬂ+'&ﬀﬀ7ﬂﬀEF,1Y Z,aR&ﬂY<'7,R{>WC?9ﬀﬁﬃ,RﬂIEFﬂﬀﬂ(ﬁﬃ"1)&ﬂl&ﬂI?1ﬃ&Rﬀﬂ+R
ﬂﬀEﬁ),t-PREF&4&,G9NER9ﬀ&L1ﬃ+,PR'&1ﬃV7,79l1ﬃv-.>(<ﬁﬃ%E1)ﬁﬃ-.VT ﬁ)H1Ka{>WRﬀ?R4kZVG\:k
 z{Wﬀ R4kZYhﬁ)1ﬃ1)ﬂ(9ﬀﬀ'&79(9C
y
':9C(ﬁﬃﬂﬀ?9Cﬁ),9ﬀC]7ﬀﬂt1ﬃ7ﬂ<ﬁK?WC%%&ﬂ 6ﬂﬀ'%2ﬁﬃ,SD
E#vG\I1)p*MIH:90"w\I1ﬃQEﬀP':9Cﬁ),p%V&ﬂﬀ,$TUEFN'7R&ﬀ,Rﬁﬃ&+']ﬂ7D
,pﬂ(&'&,E>A9Cﬁﬃ
6%1ﬃ1)Lﬁ),G9C&APﬁﬃ&,G9vR1KaE>?C%V79ﬀﬀﬁﬃﬂﬀ?9Cﬁ),QR1ﬃaﬂ(9ﬀﬀ':9C(0t%2V7ﬂﬀ,J7,R,0E>ﬁﬃ(
qq¯
a9ﬀC]7ﬀﬂ
1Krﬁ)ﬂ(9ﬀﬀﬁﬃ"RR9Cﬁ),<
 !%E1ﬃﬁO9C
φ(z)
\uk
P
Y
=B>ERﬁ)9C(?R4k ^7ﬂl(V]':9Cﬁ),ﬂH:s4'71ﬃﬂ(ﬁ)7ﬂI:9l1ﬃ&ﬂLﬁ)ﬂ(9ﬀﬀﬁﬃ"RR9Cﬁ),ﬂM0E>?(9C,ﬂHWV&,RV&C?1ﬃﬁﬃﬂ(V&7ﬂ
 ﬃR4kWV

 'SB>'7,&ﬂEY'&,R{WC}9Cﬁﬃ,ﬂH
 ZBV&1)ﬁﬃ'&ﬁO9CVNR1ﬃrﬀV&'79ﬀﬁﬃ,t'&ﬀﬀ7ﬂﬀEF,,0ﬁ)ﬂ(9C(ﬁO3
"R9ﬀﬁﬃ,J0E>?(9C,ﬂLWV&,V7C1)ﬁﬃﬂ(V&vEFLV&'7ﬀﬁ)ﬀv1ﬃv,.'71ﬃV7,
k
 ﬃR4k Y

*+ﬁﬃWﬀ%2%+R mﬂC'0p%2ﬁﬃ,!+EFH1ﬃ0*MIHG\M79L1KpE(4R'79ﬀﬁﬃ,t0%V&ﬂﬀ,">\:k
*N,ﬂL1ﬃ+ﬂ(jPﬂ(9ﬀq&%8t',0v1ﬃR%2ﬁ)q&ﬀ?D41ﬃrE>A9Cﬁﬃ m%21ﬃ1ﬃ 8TU(&E(V&ﬂ(&,G9CV7aE>HR,v&1)1ﬃﬁﬃERﬂﬀYx\
01Ka{>Wﬀ?R4k Yﬂ& Z:s4Eﬀﬁ)%207,
y
,R'79Cﬁ),J7ﬂN/0eg*+ﬂ&D>01ﬃ%2,ﬁ)q&(NﬂﬀﬁO?,G9C
P+
2pi
∫
dy−eixP
+y−〈p′ |ψ¯(−y
2
)ψ(
y
2
)|p〉
∣∣∣∣∣
y+=~y⊥=0  

=
1
4
{
(γ−)
[
Hq(x, ξ, t) N¯(p
′
)γ+N(p) + Eq(x, ξ, t) N¯(p
′
)iσ+κ
∆κ
2Mp
N(p)
]
+ (γ5γ
−)
[
H˜q(x, ξ, t) N¯(p
′
)γ+γ5N(p) + E˜
q(x, ξ, t) N¯(p
′
)γ5
∆+
2Mp
N(p)
]}
,
]7'
ψ¯(−y
2
)ψ(y
2
)
DL,ŁE#V7C?9ﬀ&"ﬁﬃ1)4'&1pTU]&'
y/2
1ﬃ7ﬂ'74ﬀ,R,V&7ﬂ
 Z&ﬂ(E>'7:3 9ﬀ&%EﬂS\t
'&(V]?9ﬀﬁﬃ,43m,,ﬁ)Bﬁﬃ1ﬃ?9Cﬁ),0-.>ﬀwD
N
1ﬃvﬂ(Eﬁﬃ,R&Lt,.'&1)V&,79
Mp
1Kr%2ﬂﬀﬂ(R,.'71ﬃV&,
k
 g ZV&-.>}9Cﬁﬃ,mR4kWR7ﬂ(9MRV&ﬀﬁOV7N>,ﬂb1ﬃlﬀ7E#q7ﬀ+
qµ
DP1K0-.>(ﬁO3mﬁ)%2ER1ﬃﬂ(ﬁﬃ,pQEB9ﬀ,2PﬁﬃA9C71YD
79
P µ
DR1c !ﬁ)%2ER1ﬃﬂ(ﬁﬃ,% j&,,RNJ,.'&1)V&,DRﬂﬀ,.9M'&1)ﬁﬃ,V&ﬁﬃ(&ﬂ~1ﬃ+1),W8N1Y !}s4
z
:9HNRﬁﬃﬀ7'79ﬀﬁﬃ,ﬂ
EEFﬂﬀV7&ﬂ7k.iN,
P µ = (p+p′)/2
 
p
:9
p′
ﬂﬀ,G9gﬀ7ﬂﬀEF&':9Cﬁ)&%&,G9~1Y Zﬁﬃ%E1)ﬂﬀﬁﬃ,8pERﬀ9ﬀ,pﬁﬃ,ﬁO9Cﬁﬃ1
79L'7&1ﬃ1)vEﬀ9ﬀ,J{>,>1ck
P
[
eg(&%ﬁﬃq7ﬀvE>A9Cﬁ)pF59CﬁO??9Cﬁ),ﬂMEBGjPﬂﬀﬁ)-.&ﬂ
 _7ﬂv-.>(ﬁO3mﬁ)%2ER1ﬃﬂ(ﬁﬃ,ﬂlﬂﬀ,.9V:{>,ﬁ)&ﬂvﬂﬀ71ﬃ,1)&ﬂN'7%2EFﬂﬀ,G9C&ﬂ0r&':9C&Rﬀﬂr9mjPE#p9C7%2ERﬂ
1ﬃl1ﬃ,RWaI1K8Rﬁﬃﬀ7'79ﬀﬁﬃ,2+1c `}s4
z

p˜µ = P+/
√
2(1, 0, 0, 1)
DG79HERE#ﬂ(VNa1ﬃRﬁﬃﬀ7'79ﬀﬁﬃ,2N1Y !}s4
z

nµ = 1/P+ · 1/√2(1, 0, 0,−1) kF _7ﬂN'&%2EFﬂC?,.9ﬀ&ﬂ + 79 − R&ﬂv-.>(ﬁO3 ﬁﬃ%E1ﬃﬂ(ﬁﬃ,Rﬂl:9N7ﬂ
%Q}9Cﬀﬁ)'&7ﬂ
γ
ﬂ(,G9IRV7{>,ﬁ)&ﬂLE>0
a± ≡ (a0 ± a3)/√2 k
 _7ﬂt/0e~*Iﬂ
Hq, Eq, H˜q, E˜q
Dbﬂﬀ,G9JRV7{>,ﬁ)&ﬂJEF2,ﬂﬀx&t-Pﬀ T
q = u, d

s
\
,,RV&k
H
79
E
ﬂﬀ,G90ﬁﬃ,RV&EF&,,G9C&ﬂvRp1Y ZBV&1)ﬁﬃ'&ﬁO9CV&ﬂv-.>?ﬀ.ﬂ&D
'7,G9Cﬀﬁﬃ(&%&,G90
H˜
:9
E˜
k#
,9ﬀ&g-.+>?,ﬂb1)L']ﬂ~l1KvEﬀP':9Cﬁ),2RI%V&ﬂ(,
D.,281KvE>?(9Cﬁ)'&1ﬃﬀﬁO9CVM-.?D4ﬂ(&1),2ﬂﬀ8,>}9C(
T &'79ﬀ&LJERﬂﬀ&R?3mﬂ(']1ﬃﬁﬃ(x\uDR,J7ﬂ(9lﬂﬀ7,ﬂﬀﬁ)"1ﬃNﬂ(ﬁ)9H4s/0eg*+ﬂ
H
79
E
TU%V&ﬂﬀ,t&':9C&RS\:D>ﬂ(ﬁO9
4st/eg*+ﬂ
H˜
79
E˜
TU%V&ﬂ(,ERﬂﬀ&R?3mﬂ(']1ﬃﬁﬃ(x\uk
 _7ﬂ~/eg*+ﬂ|V&EF&,R&,G9~ V+?ﬀﬁﬃ"1)&ﬂ=
x
D
ξ
79
t
k zl?ﬀﬁK?"1ﬃ
x
7ﬂ(9[1ﬃ
y
C?'79Cﬁ),r
 Zﬁﬃ%E1)ﬂﬀﬁ),
D
V7{,ﬁﬃbE>M
k+ = xP+
 
k+
7ﬂ(9g1Y Zﬁﬃ%E1)ﬂﬀﬁ),0r-.>(aﬁﬃ,G9ﬀ&C?Wﬁﬃﬂ(ﬂC,G9[]&'H1ﬃbEB9ﬀ,aPﬁﬃA9C71Yk
 _?ﬀﬁK?"1ﬃ
ξ
&ﬂ(9RV7{>,ﬁ)tE>J
∆+ = −2ξP+  ∆+ &ﬂA91K'&%2EFﬂC?,.9ﬀ + R	9ﬀC,Rﬂ y &A9

 Zﬁﬃ%E1ﬃﬂ(ﬁﬃ,k| _?ﬀﬁK?"1ﬃ
t
&ﬂ(9&Dg'&%%2J,Rﬂ1Y !],ﬂP>?,ﬂ1Y ZV&-.>?9ﬀﬁﬃ, R4k
P
D[1ﬃJ'&ﬀ(VR
1Y Zﬁﬃ%E1)ﬂﬀﬁﬃ,29Cﬀ,ﬂ
y
V&ﬀV7
t = ∆2
k
dm,.9ﬀﬁ)9ﬀﬁ)&%&,G9]DF1ﬃ7ﬂv/0e~*IﬂNﬀ7EﬀV7ﬂﬀ&,G9ﬀ&,G901Y !%E1ﬃﬁO9C08Eﬀ">"ﬁ)1ﬃﬁ)9ﬀV089ﬀﬀR&NR,-Pﬀ
>,ﬂ=1ﬃl,PR'&1ﬃV7,t]7'v,
y
ﬀ'79ﬀﬁﬃ,< !ﬁ)%2ER1ﬃﬂﬀﬁ), 	 ﬁﬂ
$ﬃ	
x+ ξ
79MRN1ﬃ 6ﬀ7%2:9ﬀ9ﬀﬀI>?,ﬂ
1ﬃN,.'71ﬃV7,]&',
y
C':9Cﬁ),J
 Zﬁﬃ%E1ﬃﬂ(ﬁﬃ, 	 ﬁﬂ
$ﬃ	
x− ξ D>]&'V&W1ﬃ7%27,.9M,9ﬀC,Rﬂ y &A9

 Zﬁﬃ%E1ﬃﬂ(ﬁﬃ, 
 	  ﬀ 
	 ﬀ :k|=<7ﬀ,ﬁ)&8&ﬂ(9r,,VQE>
t
DX-.ﬁ=7,W1ﬃ"#21K
y
ﬁﬃﬂ1ﬃ7ﬂrﬁﬃ%E1)ﬂﬀﬁ),ﬂ
	 ﬁﬂ
$ﬃ	v:9 
 	  ﬀ 
	 ﬀ v9Cﬀ,ﬂ
y
V&ﬀV7&ﬂ7k
fIﬂx,ﬂ −1 ≤ x ≤ 1 :9 0 ≤ ξ ≤ 1 ke|'7,ﬂ(V&-.&,G9&DG1ﬃ&ﬂ y C':9Cﬁﬃ,ﬂ|
 Zﬁﬃ%E1)ﬂﬀﬁ), x+ξ :9
x−ξ EF&R&,G9[E(&,RﬀM7ﬂX?1)&(ﬂX,V7WG?9ﬀﬁ)7ﬂ|:9|EFﬂﬀﬁO9CﬁO&ﬂ7k} _7ﬂ y ﬀ'79ﬀﬁﬃ,ﬂz
 Zﬁﬃ%E1)ﬂﬀﬁﬃ,EFﬂ(ﬁ)9CﬁO7ﬂ
V&'7ﬀﬁO&,G9L7ﬂL-Pﬀ.ﬂ&D>:9H1ﬃ7ﬂ
y
C':9Cﬁ),ﬂ= !ﬁ)%2ER1ﬃﬂﬀﬁ),Q,RV&WG?9ﬀﬁ)&ﬂL&ﬂL?,.9ﬀﬁﬃ-.>(.ﬂ&kwiN,tE#7R9L1)ﬀﬂ
ﬁ #V&(&,'7ﬁﬃ7lR&4sﬀV7Wﬁﬃ,ﬂ8wEF
x ≥ ξ 79 x ≤ −ξ DF1)&ﬂl&PsE>?(9C,ﬂI(&E(V&ﬂ(&,G9C7,.90(&ﬂ(E#7'79Cﬁ 3
7%27,.9~7ﬂb-.>?ﬀ.ﬂb:9~&ﬂb,G9Cﬁ)-Pﬀ.ﬂ&k. ^7ﬂM/0eg*+ﬂgﬂﬀ,G9b1KNWV7,V&ﬀ1ﬃﬁ)ﬂC?9ﬀﬁﬃ,p7ﬂbRﬁﬃﬂ(9ﬀﬀﬁ)"R9Cﬁ),ﬂR
E>A9C,ﬂI*+dAQ7ﬂvﬁﬃﬂA9C(ﬁﬃ"R9ﬀﬁﬃ,RﬂIaE>(9ﬀ,ﬂ 6,,P3mﬁﬃW,>?1ﬃ&ﬂ SD>'?k 3m}3m
k#]7'pﬁﬃ,G9C7
y
V&(&,'7
&,G9C(N,J-.>(2 !ﬁ)%2ER1ﬃﬂﬀﬁ),
x+ ξ
79=,tR9ﬀﬀI
 !ﬁ)%2ER1ﬃﬂ(ﬁﬃ,
x− ξ kRez −ξ ≤ x ≤ ξ DP,<7ﬂ
E>A9C,ﬂg(&1ﬃﬁ)Vl1ﬃE>?(9Cﬁ)L,,QEF&A9C(">?9ﬀﬁ)l&ﬂA9=R,Q-.>(:9=1c `?R9C(lR,<,G9Cﬁ)-.>ﬀwkP*N,Rﬂ='&:9ﬀ9ﬀ
ﬀV7Wﬁﬃ,D
1ﬃ7ﬂa/0eg*+ﬂﬂﬀ'&%E#(9C7,G9a?1ﬃ(ﬂ'7%%2p,R2ﬁ)ﬂ(9ﬀﬀﬁﬃ"RR9Cﬁ),
 !%2ER1ﬃﬁ)9ﬀp%V&ﬂﬀ,:9
'&,G9ﬀﬁﬃ&,R,&,G907ﬂvﬁﬃ,
y
(%Q}9Cﬁﬃ,ﬂI,RR71ﬃ1)&ﬂNﬂ(v1ﬃ7ﬂv'&%E#ﬂC,G9C7ﬂN%V&ﬂﬀ,ﬁﬃ-.7ﬂv>,ﬂv1)r,.'&1)V&,
k
=79(9C0&(,ﬁﬃq7ﬀ0ﬀV7Wﬁﬃ,J&ﬂ(9I&,#79I"Rﬂﬀ&,G9ﬀ8*+dAJ-.ﬁ^'&(ﬀ7ﬂﬀEF,p1ﬃr1ﬃﬁﬃ%ﬁ)9ﬀ
ξ → 0 k
|ﬁﬃ,>?1ﬃ&%&,G9&DRﬀ7%Q?ﬀ-.,ﬂL-.?D>>,ﬂl1Y ZV&-.>?9ﬀﬁﬃ,qRPkSR4D>1ﬃr'&,G9ﬀﬀﬁﬃ"RR9Cﬁ),t
E
T
E˜
\Hp1Y !%E1ﬃﬁ 3
9CRQ21K(V]':9Cﬁ),7ﬂ(9pﬂ(EE(ﬁﬃ%V&E>aR,
y
'79ﬀ&8'&ﬁ),V&%2?9Cﬁ)-.
∆/2Mp
E>CERE#A9r
H
T
H˜
\:k
	  
Âª§9 ©9¿À§9½ ¨§9® ¦eª®H¥3³lªÅ Ł'¥ª­B® ¦e§ ± ©³v¥¯ ® ¦Ł X 3U §¥
³ ¨§9®b¦e§Ã®¯° ° §
 _7ﬂg/0e~*Iﬂ
H
:9
H˜
ﬂ(,G9&,
y
?ﬁ)9X1KLWV&,V7C1)ﬁﬃﬂﬀ?9Cﬁ),8R&ﬂﬁ)ﬂ(9ﬀﬀﬁﬃ"RR9Cﬁ),ﬂz=E>?(9C,ﬂ|ﬁ),.9ﬀﬀPﬁO9C&ﬂ
E>l1ﬃ*+dA#k#[,#79&D#1)v9CBV7ﬀq7%2ER9ﬀﬁﬃ-.E#7ﬀ%79Ia(&1ﬃﬁ)&L1Kﬂﬀ7'79ﬀﬁﬃ,GT']'789ﬀ9S1)0
 !R,
ﬀV&'79ﬀﬁﬃ,]&'81KpE>A9Cﬁ)ﬁ)%Q?Wﬁﬃ,>?ﬁﬃﬀIﬂﬀ,%2ER1ﬃﬁ)9ﬀ0Ps,W1)&ﬂl]?,.9rTUEF
t = 0
\ukFiNI1ﬃ
ﬂﬀ7'79Cﬁ),Q T']'7N<*IdAQﬂ& !EE>(&,G9C+a1Y !%E1ﬃﬁO9CRMJ*MIH<4sQ,RW1ﬃ7ﬂ=]?,G9vT
∆→ 0 \:kP _
Pf
=B>ERﬁ)9C(?R4k ^7ﬂl(V]':9Cﬁ),ﬂH:s4'71ﬃﬂ(ﬁ)7ﬂI:9l1ﬃ&ﬂLﬁ)ﬂ(9ﬀﬀﬁﬃ"RR9Cﬁ),ﬂM0E>?(9C,ﬂHWV&,RV&C?1ﬃﬁﬃﬂ(V&7ﬂ
{>W( R4kW[ﬁ)1ﬃ1ﬃRﬂ(9C(+'779ﬀ9ﬀ8(&1ﬃ?9Cﬁ),<79l,tEF&R9I1)ﬀﬂH%,G9C(&H-.
Hq(x, ξ = 0, t = 0) = q(x) , H˜q(x, ξ = 0, t = 0) = ∆q(x)
T RPkWVG\
 
q
79
∆q
ﬂ(,G9I(&ﬂ(E#7'79CﬁO7%27,.9I1ﬃ7ﬂHﬁﬃﬂA9C(ﬁﬃ"R9ﬀﬁﬃ,RﬂM0E>A9C,ﬂL,,EF1K?ﬀﬁﬃﬂ(V&N:9lE#1ﬃﬀﬁ)ﬂﬀV7k
  tR4kW[

L&1ﬃ?9Cﬁ),J&,G9ﬀﬀ01ﬃ0*+dAt79L1)0*HIHt4ﬁﬃp1ﬃN9CBRV&(q&%v
 !ER9Cﬁ)-PRk
e|~'&,G9ﬀﬀD.1)&ﬂ
y
,'79ﬀﬁﬃ,Rﬂ
E
79
E˜
ﬂﬀ,G9&DP71ﬃ1)&ﬂ&D9ﬀ9S?1ﬃ&%&,G9~ﬁﬃ,R'&,,.7ﬂ=:9b,R+ﬂﬀ,.9bE>ﬂ~ﬀ71ﬃﬁ)V&&ﬂ
4srﬁﬃﬂA9Cﬀﬁ)"R9ﬀﬁﬃ,ﬂXHE>A9C,Rﬂ*+dAp']1)&ﬂ
y
':9C7ﬀﬂ['7ﬁﬃ,V7%Q?9ﬀﬁﬃ-.7ﬂ[ﬂﬀﬂ(4'7ﬁﬃV7ﬂ[ﬂ& !,,.1ﬃ7,G9bEF
∆→ 0 '&%%+%&,G9Cﬁ),,VNERﬀV&'7V&7%2%&,G9&k E 79 E˜ ﬂ(,G9L,'vv,RR71ﬃ1)&ﬂ y ,':9Cﬁ),ﬂM-.ﬁ
,R
ﬂﬀ,G9I'7'&&ﬂ(ﬂﬀﬁ)"1ﬃ7ﬂl-.
 !1Y !ﬁﬃ+&ﬂlﬀV&'79ﬀﬁﬃ,ﬂHus4'&1ﬃRﬂﬀﬁ)&ﬂ7k
*+8ER1ﬃﬂ7D,E#7R9l%2,G9ﬀﬀ&L-.1ﬃ7ﬂHEﬀ7%2ﬁ)&ﬀﬂL%%&,G9CﬂH7ﬂN/0eg*+ﬂLﬂﬀ,G9Iﬀ71ﬃﬁﬃV7ﬂL
y
'79ﬀ&(ﬂ

y
ﬀ%+J,.'71ﬃV&,  
f 
kRg,Jﬁ:9]D4&,Jﬁﬃ,G9ﬀV&Wﬀ,G9M1Y ZV&-.>}9Cﬁﬃ,T RPkSR\gﬂﬀ=1K
y
ﬀ'79ﬀﬁﬃ,2
 !ﬁ)%2ER1ﬃﬂ(ﬁﬃ,
x
D>,tE#7R9l"R9ﬀ&,ﬁ)&DEFH'SB>?-PR8ﬂﬀx&I0-.>ﬀ
∫ +1
−1
dxHq(x, ξ, t) = F q1 (t) ,
∫ +1
−1
dxEq(x, ξ, t) = F q2 (t) ,
TﬀR4kZYG\
∫ +1
−1
dxH˜q(x, ξ, t) = GqA(t) ,
∫ +1
−1
dxE˜q(x, ξ, t) = GqP (t) .
TﬀR4kS[\
dm1^rV79ﬀVv%2,G9ﬀﬀV   XRD
P
PD
PjP 
-.v1KrV7E#7,7,'&&,
t
&ﬂI/0eg*+ﬂHE#7R9Lo79ﬀﬀv(&1ﬃﬁ)V&?Da9Cﬀ]&(ﬂ
,<9ﬀC,ﬂ
y
ﬀ%V&Q>ﬀﬁ)&7D|Pshﬁ)ﬂ(9C(ﬁﬃ"49Cﬁﬃ,ﬂaﬂ(E>?9Cﬁﬃ1ﬃ7ﬂa9Cﬀ,ﬂA&(ﬂﬀ7ﬂ27ﬂpE>A9C,ﬂp,ﬂp1ﬃ
,.'&1)V&,
kF
ξ  
RDw1ﬃ&ﬂN/eg*pT
x, 0, t
\lEF&R&,G90o79ﬀﬀrﬁ),.9ﬀ&(EﬀV:9CV&7ﬂN'&%2%81c `?%2E1)ﬁ)9ﬀ0aERﬀ"> 3
"ﬁﬃ1)ﬁ)9ﬀV+09C(R7IR,E>?(9C,>?,ﬂI1)0,PR'&1ﬃV7,x&'8,
y
C':9Cﬁ),t
 !ﬁ)%2ER1ﬃﬂ(ﬁﬃ, 	 ﬁﬂ
"!$ﬃ	
x
J,'&&A9Sﬁ),E>C?%2q:9Cﬀp !ﬁ)%2E>?'79
 	  ﬀ 
	 ﬀ I(&1ﬃﬁ)Vp
t
T ﬁ)N{>W(MR4k
f
\:k^*+'779ﬀ9ﬀ%Q,Rﬁﬃq&(D
1Y Zﬁﬃ,
y
ﬀ%2?9Cﬁ),'&,G9ﬀ&,.J>,Rﬂa1ﬃ7ﬂrﬁ)ﬂ(9C(ﬁﬃ"49Cﬁﬃ,ﬂ0<E>A9C,Rﬂ89CﬀﬁO9Cﬁﬃ,&1)1ﬃ&ﬂ0%&ﬂ(ﬀV7&ﬂr>?,ﬂr1ﬃ
*+dA79Q'&71ﬃ1ﬃ7ﬂQ'7,G9C&,.7ﬂJ>,ﬂQ1ﬃ&ﬂ
y
'79ﬀ&(ﬂ<
y
ﬀ%%&ﬂ(ﬀV7ﬂ<>,ﬂQ1KRﬁ #ﬂﬀﬁ),V71KﬂA9Cﬁﬃ-.
1ﬃ7ER9C,P3m,.'&1)V&,Jﬂ(,G9+%2ﬁ),.9ﬀ&,>?,.9M'&%r"Rﬁﬃ,V7&ﬂL79l'&ﬀﬀV71ﬃV7&ﬂL>,ﬂL1ﬃr&ﬂ('&ﬀﬁ)ER9Cﬁ),t&ﬂ+/0e~*Iﬂ&k
P
Q
eg(&%ﬁﬃq7ﬀvE>A9Cﬁ)pF59CﬁO??9Cﬁ),ﬂMEBGjPﬂﬀﬁ)-.&ﬂ
 _+ﬂﬀ&'7,t%%27,G9=7ﬂl/eg*+ﬂ=&ﬂ(9L(&1)ﬁﬃVIa1K
y
ﬀ'79ﬀﬁﬃ,2N%%&,G9H,RW1K?ﬁﬃﬀlEF(9ﬀV+E>b1ﬃ7ﬂ
-.>ﬀ.ﬂL0ﬂC]&
q
>,ﬂL1)v,PR'&1ﬃV7,  
f 

Jq =
1
2
∫ +1
−1
dx x [Hq(x, ξ, t = 0) + Eq(x, ξ, t = 0)] ,
TﬀR4k
f
\
 
Jq
&ﬂA9+(&1)ﬁﬃVvtﬂ(Eﬁﬃ,t9C9C1
,.'&1)V&,E>v
1
2
= Jq + Jg , Jq =
1
2
∆Σ + Lqz
T RPkSQ\
  1
2
∆Σ
&ﬂA9H1K'&,G9C(ﬁﬃ"49Cﬁﬃ,Q<ﬂ(Eﬁﬃ,Qﬁﬃ,G9C(ﬁﬃ,ﬂ(q&-.N7ﬂM-.>(Pﬂ7kw=%%2l%&,G9Cﬁ),,VIEﬀV7'&V&R&%p3
%27,G9]D
∆Σ
8V:9CVl%27ﬂﬀ(VN0E>(9ﬀﬁﬃg7ﬂ=:s4EFV&(ﬁﬃ&,R'&&ﬂbN*IdA79=V7?1)Vl8&,GPﬁﬃ(,mR}3 Rj[
%
k
Jg
&ﬂA9
'79ﬀ&1)1ﬃ7%27,.9z7,a9Cﬀﬁﬃ,8
 !o:9C(=%&ﬂﬀRﬀVMNHi5e#vRa79[  IdAT 1ﬃ7ﬂXE(&%ﬁﬃ7ﬀﬂzﬀV&ﬂ(1)9C?9CﬂXﬂﬀ7%r"1ﬃ7,G9
ﬁﬃ,Rﬁﬃ-.&=,
y
ﬁﬃ"R1ﬃN'7,G9Cﬀﬁ)"R9ﬀﬁﬃ,w\ukﬂl,0%27ﬂﬀ(R&ﬂI/eg*+ﬂlEF&ﬀ%79(9Cﬀﬁ)9=,'00V:9C&(%2ﬁ),&
Lqz
:9IR'7%E1ﬃV:9C&H1) 6ﬂ(Eﬁﬃ,tEn7n&1)Sk
y
xz
⊥r
)( ⊥rρ
0
⊥r
p
x
y
xz
0
⊥r
p
f x( )
1
xp
Qz 1~⊥δ
x
y
xz
p
xp
Qz 1~⊥δ
⊥r
0
⊥r
),( ⊥rxf
1
 +R4k
f 
 WG'SB_ﬁﬃ,G9CﬁO9CﬁO&%&,G9&D
1ﬃ7ﬂ
y
':9C7ﬀﬂ8
y
ﬀ%R,.'&1)V&,
D_%&ﬂ(ﬀV7ﬂa>,Rﬂa1K
ﬀV&'79ﬀﬁﬃ,V71KﬂA9Cﬁﬃ-.
ep → e′p′ DMﬀ7EﬀV7ﬂﬀ&,G9ﬀ&,G9hT PﬁKh,9ﬀC,ﬂ y ﬀ%V&R wﬀﬁ)&<:9t>,ﬂt1ﬃ
ﬀ7E#q7ﬀv%2%27,.9Mﬁﬃ,R{>,Rﬁ
pz →∞ \=1ﬃrﬁﬃﬂA9C(ﬁﬃ"R9ﬀﬁﬃ,QﬂﬀE>?9ﬀﬁK1)Tca9ﬀC]7ﬀﬂl1Kr7,ﬂﬀﬁO9CV ρ(r⊥) \=7ﬂ
-.>ﬀ.ﬂ[>?,ﬂ,,.'&1)V&,T ﬁﬃ,RV&EF&,>?%2%&,G9RH1ﬃ&R|ﬁﬃ%E1)ﬂﬀﬁ),w\:kxI'&&,G9ﬀﬀv1)&ﬂRﬁﬃﬂ(9ﬀﬀﬁ)"R9Cﬁ),ﬂ
E>A9C,ﬂ7D^%27ﬂﬀ(V&7ﬂ8>?,ﬂ01ﬃ&ﬂ0(V]':9Cﬁﬃ,ﬂvﬁﬃ,'71ﬃﬂ(ﬁ)&ﬂ0ﬁ #ﬂ(ﬁﬃ,E(
y
,V7%27,G90ﬁﬃ,V71KﬂA9Cﬁﬃ-.
ep → e′X Dzﬀ7EﬀV7ﬂﬀ7,.9ﬀ&,G9TU>?,ﬂr1ﬃ%o&%Qﬀ7E#q7ﬀ<ERﬀV&'7V&7%2%&,G9p'7ﬁ)9ﬀVx\1)&ﬂ8ﬁﬃﬂA9Cﬀﬁ)"R9ﬀﬁﬃ,ﬂ07ﬂ
y
C':9Cﬁ),ﬂ0
 Zﬁﬃ%E1ﬃﬂ(ﬁﬃ,
x
R&ﬂa-.>?ﬀ.ﬂa>?,ﬂa1),.'71ﬃV7,TUﬁ),V7E#7,>%%27,G98RQ1ﬃ70E#ﬂﬀﬁ)9ﬀﬁﬃ,>\:k
 RﬀﬁO9C#
ξ  
RDw1ﬃ&ﬂlﬁ)ﬂ(9C(ﬁﬃ"49Cﬁﬃ,ﬂHaE(9ﬀ,ﬂ+WV&,V7C1)ﬁﬃﬂﬀV7&ﬂ7DF%&ﬂ(ﬀV7&ﬂN,ﬂl1ﬃ&ﬂIﬀV&'79ﬀﬁﬃ,ﬂ
:s4'&1)ﬂﬀﬁO7ﬂ|'&%2%g1ﬃb*HIH
ep→ e′p′γ D ,,&,G9'&'7q&ﬂ[l1KL'&(ﬀV&1ﬃ?9Cﬁ),0='7&ﬂX&4sa7ﬀ,ﬁ)q&ﬀ7ﬂ
ﬁﬃ,
y
ﬀ%2?9Cﬁ),ﬂ
:9|(&E(V&ﬂﬀ7,G9C&,G9g1c `%E1)ﬁ)9CRbEﬀ""1ﬃﬁO9CV[~9C(R7|,8-.>ﬀ0>?,ﬂ|1)~,.'71ﬃV7,
,J'7&(9Cﬁﬃ,RJﬁﬃﬂA9S,'7
r⊥
T ?(ﬁK"1)Q'7,}(WRV&J
t
\a	'7&,G9C(R$,.'71ﬃV7,@:9]7',R
'&7(9S?ﬁﬃ,
y
ﬀ'79ﬀﬁﬃ,J
 Zﬁﬃ%E1)ﬂﬀﬁ),
x
k
P
U
=B>ERﬁ)9C(?R4k ^7ﬂl(V]':9Cﬁ),ﬂH:s4'71ﬃﬂ(ﬁ)7ﬂI:9l1ﬃ&ﬂLﬁ)ﬂ(9ﬀﬀﬁﬃ"RR9Cﬁ),ﬂM0E>?(9C,ﬂHWV&,RV&C?1ﬃﬁﬃﬂ(V&7ﬂ
	 
a ° ±¨ª ¥vŁ¦e§[§¥ ®§9½£¥ª¯ §È ½©½¾§Ã¦Ł X ¸Y\`U
g,R9ﬀﬁﬃ1)ﬁﬃﬂC?,.9I1K2E>C?%2V:9Cﬀﬁ)ﬂC?9ﬀﬁﬃ,p1c !V7-P?9Cﬁ), R4kWR4D1)89ﬀ&,ﬂ(&0E(4'7&ﬂ(ﬂﬀﬂ*MIH'7A3
ﬀ7ﬂﬀEF,>,G9ItﬁﬃWC?%2%+ﬂC?'8%2ﬁﬃ,<R1ﬃr{>W( RPkZYG\uDﬂ& ZV&'7ﬀﬁ)9
HµνL.O.DV CS
=
1
2
[p˜µnν + p˜νnµ − gµν]
∫ +1
−1
dx
[
1
x− ξ + i +
1
x+ ξ − i
]
×
[
HpDV CS(x, ξ, t) N¯(p
′
)γ.nN(p) + EpDV CS(x, ξ, t) N¯(p
′
)iσκλ
nκ∆λ
2m
N(p)
]
+
1
2
[
−iεµνκλp˜κnλ
] ∫ +1
−1
dx
[
1
x− ξ + i −
1
x+ ξ − i
]
×
[
H˜pDV CS(x, ξ, t)N¯(p
′
)γ.nγ5N(p) + E˜
p
DV CS(x, ξ, t)N¯(p
′
)γ5
∆ · n
2m
N(p)
]
,
T RPkWUG\
]&'
ε0123 = +1
k
 g !%E1ﬃﬁO9CR+EﬀP'&7ﬂﬀﬂ(ﬂN*MIHﬂ7 !"R9Cﬁ)&,G9I1ﬃ(ﬂ&DRE>?(9Cﬁ)M0'&v9ﬀ&,ﬂ(&7DFE0
MDV CS = µ(q)
∗
ν(pγ)H
µν
L.O.DV CS
T RPkWXG\
 
µ(q)
:9
∗ν(pγ)
ﬂﬀ,.9&D=(&ﬂﬀEF&':9CﬁO&%&,G9&DH1ﬃ&ﬂ2-.>(ﬁO3 &':9C&RﬀﬂtE#1K(ﬁﬃﬂC}9Cﬁﬃ,$REB9ﬀ,
T PﬁﬃA9C71 \bﬁ),ﬁ)9ﬀﬁK1F79H{,>1Yk
*N,ﬂ1Y ZV&-.>}9Cﬁﬃ,iR4kWU4D1KﬂA9CﬀR'79CRﬀ
[p˜µnν + p˜νnµ − gµν] E(x4ﬁ)&,G9t1K'7,G9Cﬀ'79ﬀﬁﬃ,	E>
9Cﬀ'&v7ﬂI-.>}9Cﬀ0%2?9C(ﬁﬃ'7&ﬂ 
γ
v'7ﬀ(&ﬂﬀEF,,G9+?
γ−
81c !V7-.>?9Cﬁ),qR4kWR4Dt7(9ﬀ:s-Pﬀ
ﬁﬃﬂ(ﬂﬀ,PR'&1ﬃV7,]7'p1ﬃEB9ﬀ,	T 4ﬁ)(9ﬀ&1K\Lﬁ),ﬁ)9ﬀﬁK1cDE(E>W?9C7+8'&r%o&%-Pﬀ79+
7(9Cusp='&M-.>(a]&'H1ﬃbEB9ﬀ,tT ﬀV&71 \^{>,>1
T ﬁﬃX{Wﬀ R4kZY+E#R|'&7ﬂ 6V:9SEF&ﬂ =ﬂ('&'7&ﬂ(ﬂﬀﬁ)&ﬂC\:k
*+=%o&%D 1ﬃI'&,.9ﬀC':9Cﬁ),a='&&ﬂX9Cﬀﬁﬃﬂz&(,ﬁﬃq7ﬀ&ﬂX%Q}9Cﬀﬁ)'&7ﬂ 
γ
b]7'H1ﬃ
(γ5)γ
− b1Y ZV&-.>?9ﬀﬁﬃ,_R4kWR
%2q7,
[
−iεµνκλp˜κnλ
]
1Y ZV&-.>}9Cﬁﬃ,RPkWURk
 zJ9Cﬀ'&E(x4ﬁ)&,G981KJ"#'&1)RﬁﬃWﬀ%2%
 6ﬂﬀ'0p%Qﬁ),!Sk
 _7ﬂ-.>,G9CﬁO9CV7ﬂ 1
x−ξ+i
79 1
x+ξ−i
,G9[E#XﬀﬁﬃWﬁﬃ,g1ﬃ7ﬂ|E(E>W?9C7ﬀﬂXp-.>ﬀ07,.9ﬀﬀM1)&ﬂX&4s
EB9ﬀ,ﬂvﬁ),ﬁ)9ﬀﬁK1z79v{>,1Yk#dm1jJ&Ps9C&1)ﬂvEﬀE>WG?9ﬀ&(ﬂv']vﬁ)1|jJ74sﬁﬃWﬀ%2%&ﬂ 6ﬂﬀ'
%Q?ﬁﬃ,!0TU,Q9ﬀ&(%2 6'7ﬀﬁ)ﬂﬀVl7,<E1)ﬂ=QﬁKWC%%2 mﬁﬃ(&':9 SDGﬂ(&1#ﬀ7EﬀV7ﬂﬀ&,G9ﬀVvﬂﬀb1K{WﬀR4k Y.\:k
 _7ﬂN/0eg*+ﬂLﬂﬀ,G9IV7{,ﬁﬃ7ﬂIEFL'SB>-.ﬂC]&I0-PﬀJ:9]DwE#H1ﬃ*MIHﬂﬀRl1)0Eﬀ9ﬀ,
D
&1)1ﬃ&ﬂ=&,G9C(&,G9+ﬂ(&1),1ﬃr'&%a"ﬁﬃ,>?ﬁﬃﬂﬀ,
HpDV CS(x, ξ, t) =
4
9
Hu/p +
1
9
Hd/p +
1
9
Hs/p ,
T R4k
P
G\
79Lﬂ(ﬁﬃ%ﬁﬃ1K?ﬁﬃﬀ7%27,G9=EF
H˜
D
E
:9
E˜
k
|ﬁﬃ,>?1ﬃ&%&,G9&DR1Krﬂ(&':9Cﬁﬃ, T2'&'&ﬂ& Z"R9ﬀﬁﬃ7,.9lE>A9Cﬁ)M01Y !%E1ﬃﬁO9CIE>v
dσ
dQ2dxBdtdΦ
=
1
(2pi)432
xBy
2
Q4
(1 +
4m2Nx
2
B
Q2
)−1/2 |MDV CS |2 T R4k PjP \
P
X
eg(&%ﬁﬃq7ﬀvE>A9Cﬁ)pF59CﬁO??9Cﬁ),ﬂMEBGjPﬂﬀﬁ)-.&ﬂ
5&,G9Cﬁ),,,ﬂp'&Qﬂ(9S?J-.
 !ﬁ)1~j,	49CﬀQEﬀP'&7ﬂﬀﬂﬀRﬂ-.J1)<*MIH'&,G9ﬀﬀﬁﬃ"R>,G91K
ﬀV&'79ﬀﬁﬃ,
ep → e′p′γ kzdm1=ﬂ& !WﬁO9r']ﬂp 1ﬃQERB9C,{>,>1b,
 Z&ﬂ(9Eﬂrﬁﬃﬂ(ﬂﬀRh,PR'&1ﬃV7,h79r,
ﬀ >V79ﬀv,'NEﬂMﬂCpﬂA9CﬀR'79CRﬀDR%Qﬁ)ﬂbJﬁﬃ17ﬂ(9HV7%2ﬁ)ﬂ=E>?M1Y ZV&1)&'79ﬀﬀ,Qﬁﬃ,ﬁO9CﬁK?1><{>,>1ck>iN,tEEF&1)1ﬃ
'&2EﬀP'&7ﬂﬀﬂﬀRﬂp1ﬃ2;=79ﬀB:3  I&ﬁO9C1)&QTc;  +\:kzdm1bEF&R9ao79ﬀﬀ<'&1ﬃ'71ﬃV:sR':9C&%&,G9p'&a1)2ﬀ]j,,R&%&,G9

 Z,QEBR9C,2E>g,2V&1ﬃ7'79ﬀﬀ,2,
y
?ﬁ)9gﬁﬃ,G9ﬀ&(&,ﬁ)b-. vg* -.ﬁw&ﬂ(9=%Q?ﬁ)9C(ﬁﬃﬂ(VH]&'I,I:sP9C(o&%
EﬀV7'&ﬁ)ﬂﬀﬁﬃ,$TU1Y Zﬁﬃ,G9ﬀ&C?'79Cﬁ),RERB9C,Pﬁ)(9CR&1]&'1ﬃrERﬀ9ﬀ,
y
ﬁ)9Nﬂﬀﬂ(ﬁﬁﬃ,G9ﬀ&(&,ﬁ)v1ﬃ7ﬂ
y
'79ﬀ&(ﬂ

y
(%2vE(9C,D%27ﬂﬀ(V&ﬂL79l'7,,.ﬂl-.71ﬃ-.7ﬂlEF('&7,.9ﬀﬂIERﬀq&ﬂC\:kw*N?,ﬂI1c !V7-.>?9Cﬁ),qR4k
PjP
D
ﬁﬃ1
y
49Q,'x(R9C7<1Y !%2ER1ﬃﬁ)9ﬀ
MDV CS
Dg1Y !%E1ﬃﬁO9C
MBH
EF1ﬃEﬀP'&7ﬂﬀﬂ(ﬂJ;=:9CBu3
 I7ﬁ)9C1)&7k. z8ﬂﬀ&':9Cﬁ),Q T2'&'&vR+1K0ﬀV&'79ﬀﬁﬃ,
ep→ e′p′γ &ﬂA9H,'IEﬀE#A9Cﬁ),&1)1ﬃL1Y !%2ER1ﬃﬁ)9ﬀ
'&ﬀ(VQ | MDV CS + MBH |2 D'7%2%ﬁﬃ1ﬃ1)ﬂ(9ﬀﬀV0ﬂﬀRN1K{>W(]R4kWQ4kfl9C,ﬂNV&W1ﬃ7%27,.9I-.p1K
ﬁ #V&(&,'7g&ﬂ_ﬂﬀ7'79ﬀﬁﬃ,ﬂ_ T2'&'&7ﬂXEF1ﬃﬀﬁ)ﬂﬀV&7ﬂ~TU(&1K}9Cﬁ)&ﬂ_H1Y ZBV71ﬃﬁﬃ'7ﬁ)9ﬀV|
y
ﬁﬃﬂ('&&w\:D&-PR~,Rﬂz1ﬃ1),ﬂ
V&WG?1ﬃ&%&,G9X:sP9Cﬀﬁﬃ(M>,Rﬂ'&:9ﬀ9C=V79CRD7ﬂ(9[ERﬀEF(9ﬀﬁﬃ,R,&1)1ﬃ~N1KlE>(9ﬀﬁﬃbﬁﬃ%2Wﬁﬃ,ﬁﬃ([pEﬀPﬁO9=
MDV CS ×MBH D
ﬂﬀﬁO9v =m(MDV CS) ×MBH k^=%%2a1ﬃr;  &ﬂ(90usR'79ﬀ&%&,G90']1)'&1ﬃ"1)D
'&:9ﬀ9C0"Rﬂﬀ&A?"1ﬃv?p,'0,,&L,'7'&q&ﬂlﬁ)ﬀ&':9]DR%2,ﬁ)q&(v1ﬃﬁﬃ,RV]ﬁ)ﬀD44s/eg*+ﬂ7k
 R4kWQ

 _Nﬂ(&'79ﬀﬁﬃ, T2'&'&LH1ﬃNﬀV&'79ﬀﬁﬃ,
ep→ e′p′γ &ﬂA9~1K+ﬂ(%2%MHR&4s'7,G9C(ﬁﬃ"R9ﬀﬁﬃ,Rﬂ
-.ﬁ^ﬁﬃ,G9C7
y
q7ﬀ&,G91)0*HIH79l1ﬃv; 8k
5ﬁﬃ,G9ﬀ&,>,G9&DMﬀ:&,R,ﬂh1Y ZV&-.>?9ﬀﬁﬃ, RPkWURk ﬂI,EFﬁﬃ,G9<9ﬀﬀq&ﬂJﬁ)%2EFA9S,G9Jj,9ﬀ&J&ﬂA9t-.
1ﬃ7ﬂ/eg*+ﬂ&,G9ﬀﬀ&,G9>,Rﬂ1c `?%2E1)ﬁ)9ﬀQﬂ(ﬂ1K
y
ﬀ%<
 Z,tﬁﬃ,G9CV7WC?1ﬃ<t'7,G1)R9Cﬁ),	ﬂﬀ1K
y
C':9Cﬁ),
 Zﬁﬃ%E1ﬃﬂ(ﬁﬃ,
x
-.>(	TU'779(9Cﬁﬃ,G9CV7WC?1ﬃpJEFv(ﬁﬃWﬁ),r1K<"F'71ﬃrRﬁﬃWﬀ%2%
 mﬂC'J%2ﬁ),!A\ukX[,	
 !R9ﬀﬀ&ﬂr9ﬀ&(%27ﬂ&D1)&ﬂ/0eg*+ﬂpV&EF&,R&,G9Q9ﬀﬀﬁ)ﬂa?ﬀﬁﬃ"1ﬃ7ﬂ&D
x
D
ξ
:9
t
%Q?ﬁﬃﬂvﬂﬀ71ﬃ7ﬂ8R&4s'&7ﬂ8?(ﬁK"1)&ﬂvﬂ(,G9ausREFV&(ﬁﬃ%&,G9S?1ﬃ&%&,G9'7'&7ﬂﬀﬂﬀﬁ)"1ﬃ7ﬂQ
ξ
D^'&%E1ﬃq:9C7%27,.9
V7{,ﬁb7,V:9C&':9S,G9a1ﬃ1ﬃ&E49C,ﬁ #ﬂﬀVT
ξ ≈ xB
2−xB
DX]&'
xB
V7{>,RﬁbE>?81c !V7-P?9Cﬁ),
P
kWR\uD^79
t
D
'&%E1)q79C7%27,G9+V:{>,ﬁz&,V:9C7'79S?,.9+ﬂﬀﬁO9+1)aE(9C,8ﬀ&'71YDFﬂﬀﬁ)9I1ﬃEB9ﬀ,81Y ZV79S}9I{>,1Yk
x
TU-.ﬁ^7ﬂ(9l,'0ﬁ V7ﬀ7,.9l
xB
>,ﬂL1ﬃ
y
ﬀ%21ﬃﬁ)ﬂﬀ%+7ﬂ+/0eg*+ﬂS\M7ﬂ(9I,v?ﬀﬁﬃ"1ﬃ+%r79(9C?k
=&'&ﬁbﬂﬀﬁ)W,ﬁ){2-.
 Z&,	WV7,V&ﬀ1YD_,Qﬂﬀ&':9Cﬁ),GT'&'&<Rﬁ #V&ﬀ7,G9Cﬁﬃ71ﬃ1)2ﬂ(&CEﬀEFA9Cﬁﬃ,,&1)1ﬃ
| ∫+1−1 dxH(x,ξ,t)x−ξ+i + ... |2 TU k)kOkR(&E(V&ﬂ(&,G9Cv7ﬂ=9C7ﬀ%&ﬂMﬂ(ﬁﬃ%ﬁﬃ1ﬃﬁﬃ(&ﬂEF E D H˜ 79 E˜ 4,QCEEF&1)1ﬃ
-. 1
x−ξ+i
7ﬂ(901ﬃaEﬀEWG?9ﬀ&v-.>(&,G9ﬀﬀp1ﬃpERB9C,4ﬁ)(9ﬀ&17,G9CC?,.9:901ﬃrEBR9C,(V&&1
ﬂﬀA9S,G9lT {>W(ER4k Y.\:k?[,WV&,V7C1cD?,Rﬂ%&ﬂ(ﬀ7ﬀ,ﬂ[R,'M7ﬂ[ﬁﬃ,G9CV7WC?1ﬃ&ﬂMTc]7'H,EﬀE>WG?9ﬀ&
'&%%NE#ﬁﬃﬂC\=8/eg*+ﬂ7k
eX2ﬁﬃ1)1ﬃﬂA9Cﬀ7'&EFﬁﬃ,G9&D~1ﬃ{>WﬀbR4kWU%2,G9ﬀﬀR,%2Pq71ﬃE>(9ﬀﬁﬃ'71ﬃﬁ)&  
P
RPD
P
V

E#RQ1K
/eg*
H
&,
y
,R'79Cﬁ),
x
79
ξ
TU
t = 0
\:kFfIRﬂNﬀ7'&,,ﬁﬃﬂ(ﬂﬀ,ﬂ+
ξ = 0
,RrﬁﬃﬂA9C(ﬁﬃ"R9ﬀﬁﬃ,
-.>ﬀ.ﬂ0ﬂ(9C,>?ﬀ
D_]7'21ﬃ<%2,.9ﬀV&49CvR
x = 0
'&ﬀﬀ7ﬂﬀEF,>?,.9aJ1K<'7,G9Cﬀﬁ)"R9ﬀﬁﬃ,1ﬃ
R
=B>ERﬁ)9C(?R4k ^7ﬂl(V]':9Cﬁ),ﬂH:s4'71ﬃﬂ(ﬁ)7ﬂI:9l1ﬃ&ﬂLﬁ)ﬂ(9ﬀﬀﬁﬃ"RR9Cﬁ),ﬂM0E>?(9C,ﬂHWV&,RV&C?1ﬃﬁﬃﬂ(V&7ﬂ
%27IRﬁ)7ﬀW7,G9Ck
 z2E>(9ﬀﬁﬃ,V&W?9CﬁOrEFI1ﬃ&ﬂ
x
,V&WG}9Cﬁ
y
ﬂl&ﬂA9vﬀ71ﬃﬁ)V&r?4s?,.9ﬀﬁﬃ-.>(.ﬂ&k^iN,ﬁ)9
-.r1Y ZV71ﬃ49Cﬁﬃ,]7'
ξ
,
 Z&ﬂ(90Eﬂ+9C(ﬁ)PﬁK?1ﬃ79v-.p%&ﬂ(ﬀ7N1Y Zﬁﬃ,G9CV7WC?1ﬃﬂﬀ
x

 Z,/0eg*aD

ξ
'&,Rﬂ(9S?,.9&D>,01KrV:{>,ﬁ)CE>ﬂL
y
&,R,ﬁﬃ-.?k
dm1.j8l,=us4'&&E49Cﬁﬃ,<?-.>?,r,8%27ﬂﬀ(=,b"ﬂ(&(?"R1ﬃ~ﬂﬀ&,Rﬂﬀﬁﬃ"R1ﬃbI1KlE>A9Cﬁﬃ  ﬂﬃ 	 ^R
1Y !%E1ﬃﬁO9C?DR7,WV&,RV&C?1YDF,a"ﬂﬀ7(?"1)8aE#1ﬃﬀﬁ)ﬂC?9ﬀﬁﬃ,DRE>l:s47%2E1)DF1Y !ﬂ(jP%V79ﬀﬀﬁﬃ08ﬂﬀEﬁ),
y
ﬁﬃﬂ('&&1Kﬁ #V&(&,'7Q7ﬂrﬂﬀ7'79Cﬁ),ﬂ8GT']'7&ﬂrEF1ﬃﬀﬁ)ﬂﬀV&7ﬂ<T '&:9ﬀ9C2&(,ﬁﬃq7ﬀ2-PR<,ﬂa1ﬃ1),ﬂ
&,E>A9Cﬁﬃ'71ﬃﬁ)&vus49ﬀCﬁ)ﬀ>,Rﬂ'779(9C29ﬀBq&ﬂ(x\ukX[1)1ﬃp&ﬂA9a,R,43m,.1)1ﬃEﬀ7%2ﬁ)&v(ﬀt']RﬂﬀQR
1Y Zﬁﬃ,G9C7
y
V7ﬀ&,R'&8x&'r1)8ERﬀP'&&ﬂ(ﬂﬀﬂN;=79ﬀB:3  I&ﬁO9C1)&&kwI1ﬃ(ﬂ&DwEﬁ)ﬂﬀ-.r1c `%E1)ﬁ)9CR
∫ +1
−1 dx
H(x,ξ,t)
x−ξ+i =
PP (
∫+1
−1 dx
H(x,ξ,t)
x−ξ ) − ipiH(ξ, ξ, t)
D|,@%&ﬂ(ﬀ&,
y
ﬁ)91)&ﬂ2/0e~*Iﬂ2ﬁ)ﬀ7'79C7%27,G9Q7,,$E#ﬁﬃ,G9
ﬂﬀEFV&'7ﬁ){>-.
x = ξ
TU'?k 3m}3mk)D
H(ξ, ξ, t)
\:k> ^a'7ﬀ1ﬃ1K?ﬁﬃﬀ+&ﬂ(9+-.a%&ﬂ(ﬀ7+,8"ﬂ(&(?"R1ﬃ-PRﬁX7ﬂ(9
ﬂﬀ7,ﬂﬀﬁ)"1ﬃHI1K+E>?(9Cﬁ)=(V&&1)1ﬃbH1Y !%E1ﬃﬁO9CIT E>usR7%2ER1ﬃD?1Y !ﬂ(jP%V79ﬀﬀﬁﬃbM'SB>?ﬀWHEFX1ﬃH*MIH
t1Krﬂ(ﬁﬃ%E1ﬃNﬂ(&':9Cﬁﬃ, T2'&'&,,EF1K(ﬁﬃﬂ(V&x\~,,'7'&q7ﬂ+
∫+1
−1 dx
H(x,ξ,t)
x−ξ
k
+ !7ﬂ(9v,'a,Ra9 'SBRrB>R9ﬀ&%&,G9N,R,43 9ﬀﬀﬁO4ﬁﬃ1ﬃv !us49ﬀCﬁ)ﬀ81ﬃ&ﬂN/eg*+ﬂ+&ﬂN"ﬂﬀ7(?"1)&ﬂ+us.3
E#V7ﬀﬁ)%27,.9C1ﬃ7ﬂp'],@?'&'&q7ﬂ&Dg
y
&,@WV7,V&ﬀ1ﬃ?D[ﬂﬀ71ﬃ7%27,.9Q&ﬂ2ﬁﬃ,G9CV7WC1)&ﬂT E#,RV&(V&&ﬂC\
&ﬂa/0e~*Iﬂ&D_?4s/eg*+ﬂ8t&ﬂ8E#ﬁ),G9Cﬂv9C(q&ﬂE>(9ﬀﬁﬃ'71ﬃﬁ)&ﬀﬂ7k
dm1g,E#7R90jxﬁﬃ0E(4'7V&(
QRV&'&,.1ﬃ49Cﬁﬃ,ﬁﬃ,RV&EF&,>?,.9ﬀ<2%2Pq&1)kXiN,ﬁO9aﬂ(<ﬀ7E#ﬂﬀ&aﬂﬀ8&ﬂr%V79ﬀBP&ﬂ8Q{9ﬀﬂ
W1ﬃ">1ﬃ7ﬂ&D_&,$'7'&%a1K,G9pR&ﬂp-.>,G9CﬁO9CV7ﬂpJ,,RV&&ﬂ:9p"ﬂ(&(?"R1ﬃ&ﬂpus4E#V7ﬀﬁﬃ%&,G9C1ﬃ7ﬂrﬂﬀpR
1K(W&ﬂ=&ﬂﬀE'&7ﬂ+0EB>?ﬂﬀk
-0.5
0
0.5
x
0.2
0.4
0.6
0.8
ξ
-2.5
0
2.5
5
7.5
10
 R4kWU

ﬂI,R~%PV&1)ﬁﬃﬂC}9Cﬁﬃ,+E>A9Cﬁ)'&1)ﬁﬃq&(  
P
RPD
P
V

E#^1KL/0eg*
Hu
&,
y
,':9Cﬁ),v
x
:9
ξ
EF
t  
Rk.iN,2(&'7,,>)9~E#R
ξ  
v1K
y
(%2H9mjPEﬁﬃ-.L
 Z,lﬁ)ﬂ(9C(ﬁﬃ"49Cﬁﬃ,pIE(9ﬀ,2ﬂA9S,R>ﬀTc]&'
1ﬃ7ﬂ~-.>?ﬀ.ﬂ=I1Kv%&~-PRﬁF%,G9Cl-.>,
x
9C7,2&ﬀﬂ RDG1K0E>A9CﬁﬃL7ﬂ
x
,RV&WG?9ﬀﬁ
y
ﬂ~ﬂ& Zﬁﬃ,G9C7ﬀE(V79C,G9
'&%%N1Kr'7,G9Cﬀﬁ)"R9ﬀﬁﬃ,t7ﬂI?,.9ﬀﬁﬃ-.>(.ﬂS\:k
R
P
eg(&%ﬁﬃq7ﬀvE>A9Cﬁ)pF59CﬁO??9Cﬁ),ﬂMEBGjPﬂﬀﬁ)-.&ﬂ
|ﬁﬃ,>?1ﬃ&%&,G9&D#,?9C,ﬂ+-PR1)&ﬂ0/0eg*+ﬂvﬀ >q79ﬀ&,G91K<ﬂA9CﬀR'79CRﬀp,.'&1)V&,ﬁ),V&EF&,R>%%27,.9
1KﬀV]?'79Cﬁ),$:s4'&1)ﬂﬀﬁOE(9ﬀﬁﬃ'&R1ﬃﬁﬃq7ﬀtR9ﬀﬁﬃ1ﬃﬁ)ﬂﬀV7JE#R2ﬂ(,7Q1ﬃt,.'71ﬃV&,
k=[,@E>(9ﬀﬁﬃ'71ﬃﬁ)&&D|,
E#7R9H?ﬂﬀﬂ(ﬁjQo:9C(Nﬂﬀ7,ﬂﬀﬁ)"1ﬃN,ﬂM1)&ﬂ=(V]':9Cﬁ),ﬂ= !V71ﬃ&':9C(EﬀP':9Cﬁ),<:s4'71ﬃﬂ(ﬁ)vRﬀNRN%2V7ﬂﬀ,Rﬂ
T
pi0
D
ρ0
D
ω
D
φ
D_79ﬀ'kOk)k`\EF1ﬃ7ﬂﬀ-.71ﬃ1ﬃ7ﬂa,RQE(&R<Q1ﬃ
y
?'79Cﬀﬁﬃﬂﬀ?9Cﬁ),M* V79ﬀV<ERE#A9CV7
E>=1)1ﬃﬁ),ﬂ 
 	   U

k~5&,G9Cﬁ),,,Rﬂ2'7&EF&,>?,.9&Db-.?Dg>,ﬂ'&']?ﬂ&Dg1KE>A9Cﬁ)JE#7(9CRﬀ">?9ﬀﬁ)
RﬁKWﬀ%%2<ﬁ)%2ER1ﬃﬁﬃ-.J1c !V7'SB>,W
 Z,W1ﬃ, T ﬁﬃp{>Wﬀ R4k Y"w\(\:9QE>?2'7,ﬂﬀV7-.&,G9t1K
'&,Rﬂ(9S?,.9ﬀHM'7E1ﬃW
y
(9C?D,.91ﬃ='7%E#A9C7%27,.9+">ﬂ(ﬂﬀHV7,&(WﬁﬃM, !7ﬂ(9gE>ﬂ|'&%E1ﬃq:9C7%27,.9
ﬂﬀRﬂl'7,G9C 1ﬃ?D'&0-.ﬁ_ﬀ7,1)&ﬂH'&1ﬃ'71ﬃﬂH:9I1c !ﬁ),G9C&(EﬀV:9S?9ﬀﬁﬃ,QE1ﬃﬂL'7%2ER1ﬃﬁﬃ-.V7ﬂ&k
RjR
 

 F  
   



    ^  

  	h 
dm1H,
 Zj$-.'&7ﬂ2'7ﬁﬃ,-R&ﬀ,Rﬁﬃq&(&ﬂ2,,V7&ﬂ-.R&ﬂ,,V7&ﬂ:s4EFV&ﬀﬁ)%27,G9S1)&ﬂtEﬀV7'&ﬁ)ﬂﬀﬁﬃ,
ﬂﬀgTﬂﬀ,G9C79lﬂﬀ}(:9ﬀ9ﬀ&ﬂIR,0ﬁﬃ,G9C7ﬀE(V79S}9Cﬁﬃ,7,9ﬀ&(%27ﬂH8/eg*+ﬂl,G9LV79ﬀV8"49C&,.7ﬂ&k
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
-3 -2 -1 0 1 2 3
φ (rad)
A
L
U
 _VRk
P 
 _ ;M4  *MIH &,
y
,':3
9Cﬁ), 	1Y !,W1)
Φ
9C71ﬃ1ﬃh-.$%&ﬂﬀRﬀV&$E>
1K$'&1)1K"FC}9Cﬁﬃ,  Ig+5~  
P
Y

kN _'&ﬁ),V:3
%Q}9Cﬁﬃ-.Q%2xj7,,&ﬂA9
Q2   
RPD
f
/v  2 D
 −t    RDWRjQ /v  2 79 xB    RD PjP kŁ _
'&Rﬀ"F9ﬀﬁﬃﬀ:9CV727ﬂ(9rR,h (ﬂA9C&%&,G9a&,
sin Φ
9S,Rﬁﬃﬂt-.1ﬃ$'7("#E1ﬃ7ﬁﬃ,7ﬂ(91)']1)'&1
9CBV7ﬀﬁ)-.v01KpﬀV
y
V&(&,'7  
P
[

k
-0.4
-0.3
-0.2
-0.1
0
0.1
0.2
0.3
0.4
0 50 100 150 200 250 300 350
φ, deg           
.
A
   
   
   
  .
  DVRkWR

 _8;M4ŁR<*MIH2&,
y
,':9Cﬁﬃ,R
1c `?,W1ﬃ
Φ
9ﬀ&1ﬃ1)-PRQ%&ﬂﬀRﬀV&QE>1Kt'&1)1K"F?3
ﬀ?9Cﬁ),tM ^v  
Pf 
k> _r'&ﬁ),V&%2?9Cﬁ)-.+%xj&,R,
7ﬂ(9
Q2   
P
DWRj[t/0  2 D −t    RD P X/v  2
:9
xB

 
RD
P
XRk ^&ﬂ(V&Wﬁ),ﬂ$n&V7"ﬀV7&ﬂﬂ(,G9
1)&ﬂR%Q?ﬁﬃ,7ﬂ
 Z&ﬀ(&R&ﬂ (ﬂA9C&%&,G9ﬀﬂ7,
sin Φ
79
sin 2Φ
k? ^7ﬂX'7ﬀ"F&ﬂz9CBV7ﬀﬁ)-.&ﬂzﬂﬀ,G9b
'&1ﬃ'71 m1ﬃ]?ﬁﬃ,W9 Lﬁﬃﬂ(9 1ﬀ  ﬀ2V7E#7,>,'77,
ξ
 
P
V4D
P
Q

TU'&ﬀ"F9Cﬁ)ﬀ79ﬀV&]\:DM'&1ﬃ'71m1ﬃ]?ﬁﬃ,W
9 Lﬁ)ﬂ(9   ^V&EF&,,'&=&,
ξ
 
P
V4D
P
Q

T '&Rﬀ"F
EFﬁ),.9ﬀﬁﬃ1)1ﬃV&]\l:98'&1ﬃ'71 m1ﬃ]?ﬁﬃ,W<9 Lﬁ)ﬂ(9 9 Lﬁ)ﬂ(9(3
V   
P
[

T '&("#0E1)&ﬁ),x\uk
R&V
eg(&%ﬁﬃq7ﬀvE>A9Cﬁ)pF59CﬁO??9Cﬁ),ﬂMEBGjPﬂﬀﬁ)-.&ﬂ
 z+{WﬀEV4k
P
%,G9Cﬀ=1K+E(&%ﬁﬃq7ﬀM%&ﬂ(ﬀLH1c `ﬂAjP%2V:9Cﬀﬁ)=ﬂ(Eﬁﬃ,
y
ﬁ)ﬂﬀ'&&Tc;M4E# A;b]%
4Eﬁ),+ﬂAj4%%79CAj.A\EF21ﬃ*MIHﬂﬀR<1ﬃEﬀ9ﬀ,
Db%27ﬂﬀ(#&':9CV7E><1ﬃ'&1ﬃ1K?"#ﬀ?9Cﬁ),
 +gI5~]&'21ﬃ
y
ﬁﬃﬂ('&&2E#ﬂﬀﬁ)9ﬀﬀ,RﬂRmRjQ/0  1ﬃ"FC?9ﬀﬁﬃ(p*N~ rk[=%%2%&,43
9Cﬁ),,VNERﬀV&'7V&7%2%&,G9&D'&:9ﬀ9CﬂAjP%2V:9Cﬀﬁ)NE( Pﬁ)&,G9Lv1Y Zﬁﬃ,G9ﬀ&
y
V7ﬀ7,'&v7,.9ﬀﬀ01ﬃ+EﬀP'&7ﬂﬀﬂﬀRﬂ+*MIH
6ER lT 'k 36}3 
kx-.>,81ﬃgEB?9C,ﬂﬀA9S,G9X&ﬂA9|V7%2ﬁ)ﬂ^E>_1ﬃg,.'&1)V&,>\_:9X1)gEﬀP'&7ﬂﬀﬂﬀRﬂ;=:9CBu3  I7ﬁ)9ﬀ1ﬃ&
Tc;  +\vTU'?k 3m}3m
kR-P,1ﬃvEB?9C,ﬂﬀA9S,G9l&ﬂA9lC]j,R,V0E>L1Y ZV&1)&'79ﬀﬀ,Jﬁ),'&ﬁ)&,G9ltﬂﬀ(9S?,.9S\:k
 g !ﬂAj4%V79ﬀﬀﬁ)
y
ﬁﬃﬂ('&&
D
-.ﬁ7ﬂ(901ﬃ<ﬁ #V&(&,'7p&ﬂ0ﬂﬀ7'79ﬀﬁﬃ,ﬂv T']'7&ﬂ0E#1K(ﬁﬃﬂﬀV7&ﬂNRﬁ)Pﬁﬃﬂ(V&pE>
1ﬃ7[ﬂﬀ%%D7ﬂ(9~,L"ﬂ(&A?"1ﬃLﬀ71K?9ﬀﬁ)&%&,G9~ﬁﬃﬂ(V&L0%27ﬂﬀ(&g']?~1)&ﬂ
y
':9C7ﬀﬂgl,(%Q1)ﬁﬃﬂﬀ}3
9Cﬁ),
D T']'7ﬁ)9CV
 
'7'&&E49S,'7IR2V:9C7'79C7&D.
y
7,E1ﬃRﬂ[WV&,V7C1)D9ﬀR9ﬀ&ﬂg1ﬃ7ﬂ~ﬂ(('&&ﬂg
 Z&(ﬀ7
ﬂ(jPﬂ(9ﬀV&%2?9Cﬁ)-.rﬂ& !,,.1)&,G9]D#&,E(&%ﬁﬃq7ﬀ8EE(xs4ﬁ)%Q?9ﬀﬁﬃ,D>>,ﬂN1)aﬀEEF(9&k
=:9ﬀ9Crﬂ(jP%V79C(ﬁﬃa
,
y
(%2HE(4'SBRI
 Z,
sin Φ
TUE>?ﬂ~usR'79ﬀ&%&,G9='&g1ﬃl;  0,LV&EF&,R&,'7N&,
Φ
'7%2ER1ﬃ:s4]\
 
Φ
7ﬂ(9l1Y !,W1)N&,G9ﬀﬀ1ﬃ&ﬂHER1K,ﬂH1)&ER9ﬀ,ﬁ)-PRv79lB>(,ﬁ)-PRk
  Ig+5~#Dg1ﬃ'7ﬁﬃ,V7%Q}9Cﬁﬃ-.J%xj7,,&ﬂ(9
Q2   
R4D
f
/0  2 D −t    RDWRjQ/0  2 :9

xB

 
RD
PjP
DE#R~1ﬃ-.&1)1ﬃM,usP9CC?ﬁ)9g,I%E1ﬃﬁO9CRM RDWR&VvE#R[1ﬃH%%27,G9g&,
sin Φ
 
P
Y

k
 ^&ﬂaRﬁ #V&ﬀ7,'&7ﬂa7,.9ﬀﬀ<1ﬃERﬀV&Rﬁﬃ'79ﬀﬁﬃ,9CBRV&(ﬁﬃ-.Q:9r1)&ﬂ,,V7&ﬂrEF&4&,G9po:9C(<?9(9Cﬀﬁ)"V7&ﬂ&DX43
&1ﬃR&ﬂ+ﬁ),W(V&ﬁ)&,G9Cﬂl%4Rq&1ﬃ0E>?(9Cﬁ)'&1)ﬁﬃ7HR9Cﬁ)1ﬃﬁﬃﬂ(VD>?1K?ﬀW&ﬂ(E>'&8aERB>ﬂﬀ8ﬂﬀI1ﬃ7-PR&1_1ﬃ7ﬂ
,,RV&&ﬂH,.9LV:9CVvﬁ),.9ﬀV&W(V&7ﬂH79LﬂﬀRH1ﬃ&-.711)N%2Pq71ﬃ+EF&49
y
(9ﬀ&%&,G9M?ﬀﬁ)&MJ&ﬂH'7ﬀ(&'79ﬀﬁﬃ,Rﬂ
6Bﬁ)WB7A3 9 Lﬁ)ﬂ(9 p,,']1)'&1)V&7ﬂ
 
'&1ﬃ'71K"R1ﬃ&ﬂv7,'&ﬀkXeX8'7Q7ﬀ,ﬁ)&#79&Dz,EF&R98ﬂﬀ2ﬀV
y
V7ﬀ7
E>l:s4&%E1)aPs(V
y
V7ﬀ&,R'&&ﬂ  
P
[.D
P
U4D
P
X

EFl1ﬃEﬀP'&7ﬂﬀﬂﬀRﬂv*MIH79N1)&ﬂlﬀV
y
V&ﬀ7,'&7ﬂ  ZR4DtR
P 
ﬂﬀL1ﬃp;H4 
y
&,ER1ﬃﬂLWV7,V&ﬀ1ﬃ?k
 zﬀV]?'79Cﬁ),h*MIHh  +gI5~&ﬂ(9rﬁﬃ7,.9ﬀﬁ){>V7<&,hRV79C7'79C,G9p1ﬃ21ﬃ&E49C,Rﬁ #ﬂﬀVT &,h1c !P':3
'&(&,'7r,E#ﬂ(ﬁ)9ﬀﬀ,w\M:9N1ﬃEB?9C,ﬂﬀA9S,G9]D#2E(9ﬀﬁﬃL&ﬂ(-.&1)ﬂN1K%Q?ﬂﬀﬂﬀ%2,-.>,G9C
MX

Eﬀ?9C,,,V79ﬀ&':9CVa7ﬂ(9I']1)'&1)V&?k>'&ﬂ(a1KpﬀV7ﬂﬀ1)R9Cﬁ),t1ﬃﬁ)%2ﬁO9CV&+RV79C7'79ﬀ&  +g+5bFD
1ﬃ mEﬁﬃ' <ﬂ(V&1ﬃ7'79ﬀﬁﬃ,,RV?R9CRp1ﬃ%Q?ﬂﬀﬂﬀt$E(9C,$&ﬂA9 −1, 5 < MX < 1, 7 /0 aD'&-.ﬁ
ﬂﬀﬁ)W,ﬁ){a-.r7ﬂv'&,G9ﬀﬀﬁﬃ"RR9Cﬁ),ﬂN<'779(9CﬂAj4%V79ﬀﬀﬁ)a
 ZV79C?9Cﬂv(V&ﬂﬀ,>,G9Cﬂv,.'71ﬃV7,,rEF&R&,G9
o79ﬀﬀ0:s4'&1)&ﬂ7k
=79ﬀ9ﬀ%o&%"ﬂ(&A?"1ﬃ?D=;HP ﬂﬀQ1ﬃERﬀ9ﬀ,
DbV79ﬀV%27ﬂﬀ(V&hﬁ7ﬀﬂ(, _"TY _"w\
E#7	E(q&ﬂ]7'R,
y
?ﬁﬃﬂﬀ'7]h !V71ﬃ&':9C(,ﬂpYRDSR/v  791)<V:9C&':9C7WC?,t'7'&&E49S,'7
M ^v  
Pf 
k}@'&ﬂﬀb=1ﬃlER1ﬃﬂz">ﬂ(ﬂﬀMV7,&(Wﬁﬃ~'&%E>(V&b  I~I5~#D?1ﬃ~%2ﬁﬃ,['7ﬁﬃ,V7%Q}9Cﬁﬃ-.
'&'7V&Va&ﬂ(9+ﬁ #V&(&,G9r 
Q2   
P
DWRj[2/0  2 D  −t    RD P XJ/0  2 79 xB    RD P XRkF*N,ﬂI'&r'&ﬂ&D
1KﬀV&'79ﬀﬁﬃ,*MIH2V79ﬀVaﬁ)&,G9CﬁO{>V&&,V79ﬀ&':9S,G9v1c !V71ﬃ&':9C(,Rﬁ #ﬂﬀV79+1ﬃ0Eﬀ?9C,a(&'&R1YkF _
%Q?ﬂﬀﬂﬀl%2,-.>,G9Cl2EB9ﬀ,Q7,<8V:9CVlV&Rﬁ)9ﬀkP _8'&,.9C%ﬁﬃ,>?9ﬀﬁﬃ,p !V:V&,R&%&,G9Cﬂ
ep→ eppi0
pEo:9C(7ﬂ(9ﬀﬁﬃ%V&v79lﬂ(ﬂ(9ﬀCﬁO9Cv"ﬁ),tE>L"ﬁﬃ,k
 z<{>Wﬀ]VRkWR<%2,.9ﬀﬀp1ﬃ<Eﬀ7%2ﬁ)q&ﬀr;H4 %27ﬂﬀ(V&E>M ^N]&'&ﬂ0E(V&ﬁ)'79Cﬁ),ﬂN9ﬀBV&?3
ﬀﬁ)-PR&ﬂa-.ﬁbﬂﬀ,G9a&,hﬀ71K?9ﬀﬁ)&%&,G9a"F,h?'&'&ﬀ
kX ^Qﬂﬀﬁ)W,2ﬁ #V&(&,G9r21K;H4 RtM ^vE>
CERE#A9I2'&71ﬃ1)  I~I5~E(x4ﬁ)&,G9NR
y
ﬁO9I-.81KEﬀ7%2ﬁ)q&(8V79ﬀV8%&ﬂ(ﬀV7r]7'r&ﬂIV&1)&':3
9C(,ﬂL1)ﬀﬂM-.1Krﬂ(&'7,1Y !rV79ﬀV8]&'&ﬂLEFﬂﬀﬁO9Cﬀ,ﬂ&k>*I,RR&
Dw1ﬃ7ﬂHﬁ #V&(&,'7&ﬂL&,G9ﬀﬀ01ﬃ7ﬂ
,,RV&&ﬂL:9H1ﬃN'&1ﬃ'719ﬀBV&(ﬁﬃ-.vEF&R&,G9lo79ﬀﬀ0?9(9Cﬀﬁ)"V7&ﬂL
y
ﬁO9M-.01K8'&("#0pV:9CVv']?1ﬃ'&R1ﬃV&
,hEFﬁ),.98'&ﬁ),V&%2?9ﬀﬁﬃ-.E>(9ﬀﬁﬃ'71ﬃﬁ)&01)ﬀﬂ-.<1ﬃ7ﬂa,,V&7ﬂp,G9rV:9CVQﬁ),G9CV&WﬀV&7ﬂrﬂﬀRaE1)ﬂﬀﬁ)&(ﬂ
?ﬀﬁﬃ"1ﬃ7ﬂ_79[b1K(W&ﬂX"ﬁﬃ,Rﬂ&D}-PRM'&7(9S?ﬁﬃ,7ﬂ'&(ﬀ7'79Cﬁ),ﬂX 6BRﬁﬃWB7z9 Lﬁ)ﬂ(9ﬀﬂ b,Mﬂ(,G9[E>ﬂXﬁﬃ,'71ﬃﬂ(&ﬂ&D
79ﬀ'kOk)k
RHY
=B>EﬁO9C(FVRkLV&ﬂ(1)9C?9CﬂHus4E#V7ﬀﬁﬃ%&,G9C4st(V&'&7,G9Cﬂ
=&EF&,>?,.9&DXﬁ)1[,
 Z&ﬂ(98E>ﬂ09C(ﬁ)PﬁK?1EﬀPﬁ)ﬀ&ﬂ8ﬂAj4%V79ﬀﬀﬁ)&ﬂ21c !ﬀ(RRqV  :9
1ﬃ
y
ﬁ)92-.1ﬃ7ﬂQ%4Rq&1ﬃ7ﬂ2R/eg*+ﬂt?ﬁﬃ&,G9QE  	  	$ 	 '&&ﬂt?%2E1)ﬁ)9ﬀ&ﬂV:9CVE(ﬁﬃﬂ2'&%%21ﬃ
Eﬀ7%2ﬁ)&Lﬂﬀﬁ)W,8:sP9C(o&%&%&,G9v&,R'&ﬀW&,G9N-.
 Z,%m jﬁ)9 1ﬃEﬀP'&7ﬂﬀﬂ(ﬂv mﬂC'a2%2ﬁﬃ,!v79]D
E>H'7,ﬂﬀV7-.&,G9]DF7ﬂN/0eg*+ﬂ&k
 z0;HPRQ*MIHﬂ(~1ﬃHE(9C,v&,RﬂﬀﬁO9CLV79ﬀVl%&ﬂ(ﬀV7rT %Q?ﬁﬃﬂ,,2ER"1ﬃﬁ)V&H&,R'&(x\E>g1K
'&1)1K"Fﬀ?9Cﬁ),2M _NrRvE1ﬃﬂHBR9C7ﬂHV&,7ﬀWﬁ)&ﬂT'YDWU/v  :9 [4DSQ&Q
f
/0 v\:kRg,E>A9Cﬁ)'&1)ﬁﬃ&7D.
%2o7%2_(&L,,V7&ﬂ=,>1Oj4ﬂ(VH>,ﬂg'779ﬀ9ﬀl9ﬀBq&ﬂ(+vV:9CVL:sP9Cﬀﬁ)9g9ﬀR9g,&,ﬂ(&%r"R1ﬃL
 !ﬂ(jP%V79C(ﬁﬃ7ﬂ
y
ﬁﬃﬂ('&&  WR&R

D|-PRﬁH'&,ﬂA9CﬁO9Ct'7r(p1K"ﬂﬀtt,R,V&7ﬂ1ﬃE1ﬃRﬂpﬁﬃ%E#A9S,G9ﬀQEFp'&:9ﬀ9ﬀ
"ﬂ(&(?"R1ﬃk
 _7ﬂgEﬀ7%2ﬁ)q&ﬀ7ﬂ[ﬂﬀ7'79Cﬁ),ﬂgGT'&'&7ﬂb*MIHﬂ(g1ﬃMERﬀ9ﬀ,,G9bV:9CVH%&ﬂ(ﬀV7&ﬂ~>,ﬂg74s?3
%Q?ﬁﬃ,7ﬂ'&ﬁ),V&%2?9ﬀﬁﬃ-.&ﬂ
9ﬀﬀq7ﬂ^ﬁ #V&(&,G9Cﬂ[xMBR9C[V7,&(WﬁﬃlTV 
< W <
P
RL/v rDR
< Q2 <
RL/v  2 \uD
E>z1ﬃ7ﬂX'71ﬃ1ﬃ"#C?9ﬀﬁﬃ,ﬂ  
P
:9g
ﬂN8Ra1K?"#ﬀ?9Cﬁﬃﬀg*+b   WRHV4D&RHYRD&Rj[

D 79[lE1ﬃRﬂ|">ﬂ(ﬂﬀbV&,7ﬀWﬁ)
T
W ≈ R/0 v\:DE>?l1ﬃr'&1)1K"Fﬀ?9Cﬁ),Q  +?1ﬃ1 8 _"  WR f  k
 Wﬀ,
W
DF1c !V7'SB>,W87ﬂ+W1),ﬂL%2ﬁ),2T ﬁﬃH{>W( V4kWVG\M:9Nﬁﬃ1^ﬂ7 `?Wﬁ)9LE1)R9 ?9IRp/0e~*Iﬂ
6W1),ﬁ)-.&ﬂ Sk4 _v'&1ﬃ'71RERﬀP'&&ﬂ(ﬂﬀﬂl
 ZV&'SB>?,W0vW1),ﬂH]&'0,v%4RV&1ﬃﬁ)ﬂC?9ﬀﬁﬃ,8/0e~*Iﬂ
W1ﬃR,ﬁﬃ-.7ﬂzlV:9CV~#&'79ﬀV=E w(&,R 
 	  WRjQ

79X,,~,9Cﬀq7ﬂX"F,a'&'7ﬀ8]&'=1ﬃ&ﬂ_,,V&7ﬂ
&ﬂL74s:s4EFV&(ﬁﬃ&,R'&&ﬂ  
P
:9N
ﬂ+T ﬁ)M{>W(?V4kZY.\uk
e
e
γ*
p p
γ
e
e
γ*
p p
γ
a) b)
 JVRkWV

">?ﬂﬀﬂﬀV&,R&ﬀWﬁﬃD1K<ﬂ(9ﬀﬀ':9C(&,-Pﬀ.ﬂ2TU:9,G9Cﬁﬃ-.>?ﬀ.ﬂS\N,.'&1)V&,&ﬂA9%ﬁO3
,>,G9C1)vﬁK?WC%%NG\=01c !V7'SB>,W00-.>(.ﬂI7ﬂ(9l1ﬃvE(ﬁﬃ,'7ﬁﬃE>?1
EﬀP'&7ﬂﬀﬂ(ﬂIﬂ(,V?k> B>R9ﬀ
V&,7ﬀWﬁ)D>1)&ﬂLW1ﬃR,ﬂHﬂﬀ,.9I1ﬃ7ﬂLE1ﬃﬂl"F,,G9CﬂL>,ﬂl1ﬃv,.'71ﬃV7,:9I1)vﬁK?WC%%N"w\M
 ZV&'SB>,RW
&ﬂtW1),ﬂJ7ﬂ(91ﬃE(4'7&ﬂ(ﬂﬀﬂ%ﬁﬃ,>?,.9TU1ﬃERB9C,Ł,EFR?,G9'&RE1ﬃ7Jﬁﬃ(&'79ﬀ&%&,G94s
W1ﬃR,ﬂ&DRﬁﬃ1#jJ,R"F'71ﬃv0-.>(.ﬂIﬁ),.9ﬀ&(%2V7ﬁKﬁ)ﬀ]\l>,tﬂﬀ,1ﬃﬀﬂH7ﬂ+/0eg*+ﬂlW1ﬃ,ﬁﬃ-.7ﬂ&k
 E1ﬃﬂJ"ﬂﬀﬂ(V7,&(Wﬁﬃ?DM1ﬃ7ﬂJEﬀ7%2ﬁ)q&ﬀ7ﬂJﬂﬀ7'79Cﬁ),ﬂtGT'&'&7ﬂT E#1ﬃﬀﬁ)ﬂﬀV7&ﬂ<:9,R,E#1ﬃﬀﬁ)ﬂﬀV7&ﬂS\
-.>(ﬁO3mRﬁ #V&ﬀ7,G9Cﬁﬃ71ﬃ1)&ﬂ dσ
dxBdQ2dtdΦ
T 'k 36}3 
kﬂﬀ,ﬂ~'7,Hﬁ),.9ﬀV&Wﬀ?9Cﬁ),rH?(ﬁK"1)=ﬁ),V&EF&,R>,G9C]\
,G9[V79ﬀVLE"1)ﬁﬃV&7ﬂE>[1ﬃN'&1)1K"Fﬀ?9Cﬁ),8R  I1ﬃ14I _"
k zN{>WﬀEVRkW[+E(V&ﬂﬀ7,G9Cl'&&ﬂg,,V&7ﬂ
E#8 
Q2   
RPDWVQ/0  2 k
=%2%0ﬁﬃ1_2V:9CV8%27,.9ﬀﬁﬃ,R,V8,ﬂ+1ﬃﬂ(&':9Cﬁﬃ, R4k YDw1Kﬁ #V&(&,'7a7ﬂ
Rj[
eg(&%ﬁﬃq7ﬀvE>A9Cﬁ)pF59CﬁO??9Cﬁ),ﬂMEBGjPﬂﬀﬁ)-.&ﬂ
10
-1
1
10
0 10 20 30 40 50 60 70 80 90 100
Q2 [GeV2]
σ
 
(γ*
p 
→
 
γp
)  [
n
b]
0
2
4
6
8
10
12
0 20 40 60 80 100 120 140
W [GeV]
σ
 
(γ*
p 
→
 
γp
)  [
n
b]
 dVRkZY

 _pﬂﬀ&':9Cﬁ), T']'7
γ∗p→ γp 7, y ,'79ﬀﬁﬃ,t Q2 TcpWGR'SBx\M79l W Tcpﬀﬁ)9C]\:D
%27ﬂﬀ(V&0E>L1)&ﬂH'&1ﬃ1K?"#ﬀ?9Cﬁ),ﬂ 
P
79+
ﬂN#kw ^0']?1ﬃ'&R1^ w(&,R 
 	  ZRjQ

7ﬂ(9lV&W1ﬃ7%27,.9
EﬀV7ﬂﬀ7,.9ﬀVkF _r{>W(7ﬂ(9l9Cﬁ)ﬀV&vR1ﬃrﬀV
y
V&ﬀ7,'&  ZR&U

k
ﬂﬀ7'79Cﬁ),ﬂIGT']'7&ﬂvEF1K?ﬀﬁﬃﬂ(V&7ﬂIEF&(%2:9+
 Z:sP9ﬀCﬁ)ﬀa1ﬃ2E>?(9Cﬁ)8ﬁ)%Q?Wﬁﬃ,>?ﬁﬃﬀ+a1c `%E1)ﬁ)9CR*HIHFk
=79(9CH"ﬂ(&A?"1ﬃLvV79ﬀVL%27ﬂﬀ(V&HEF[74sR9ﬀﬀ7ﬂ?1ﬃ&Rﬀﬂ[
Q2
:9~0ﬁﬃ,ﬂ(ﬁREF&(%2ﬁ)ﬂ
 Z:sP9Cﬀﬁﬃ(
1KrV7E#7,7,'&r7,
Q2
R81ﬃE(9ﬀﬁﬃvﬁﬃ%2Wﬁ),>ﬁ)ﬀ+R1c `?%2E1)ﬁ)9ﬀN*MIH#DFE(V&ﬁO9C0ﬁﬃ,RV&EF&,>?,.9ﬀ

Q2
E> 0M* 1c !(ﬀQ%ﬁﬃ,>,G9&kX ^7ﬂpﬀV&ﬂ(1)9C?9Cﬂa  +1)1b T ﬁﬃ8{Wﬀ5V4k
f
\0ﬂﬀ7%r"1ﬃ7,G9
V7ﬀﬁ){&H'&:9ﬀ9ﬀ1)ﬁ !V7'SB&1)1ﬃv79LEH'&,RﬂﬀV&-.7,G9+'7,R{>(%27H-PR1c !,<ﬁO9H"ﬁﬃ7,t1ﬃN%V&'&,ﬁﬃﬂ(%2+
6ﬂﬀ'H+%2ﬁﬃ,br9 LﬁﬃﬂA9(3 RI4sp'7ﬁﬃ,V7%Q}9Cﬁﬃ-.7ﬂ|H z?"
kPﬁﬃ7%2%&,G9&D1ﬃ=%2ﬁﬃ,~&,
Q2
'&4&A9
E>01Y Z:s4EFV&(ﬁﬃ&,R'&  I1ﬃ1| EF0V79ﬀﬁ)&0'&:9ﬀ9CV7E#7,&,R'&Q7,
Q2
7ﬂ(99Cﬀq7ﬂ81)ﬁﬃ%ﬁ)9ﬀVa798'&:9ﬀ9ﬀ
'&,R'&1ﬃRﬂﬀﬁﬃ,
D'&7(9ﬀ&ﬂH9C(q&ﬂl&,'7C?W],G9ﬀD>ﬁO9Lo79ﬀﬀ0Eﬀﬁ)ﬂﬀ0]7'8ERﬀV&'&R9ﬀﬁﬃ,
k
 E(901ﬃ;M4 7901ﬃ7ﬂ0ﬂﬀ&':9Cﬁ),ﬂ0GT']?'&&ﬂH(ﬂ(9ﬀ'&ﬁ)9ﬀV&7ﬂ&D^74sR9ﬀﬀ&ﬂ0"Rﬂﬀ&A?"1ﬃ7ﬂ8(&1ﬃ?9CﬁO&ﬂ
$*MIH$79?4s@/0e~*Iﬂ,.9V:9CVt%&ﬂﬀRﬀV&7ﬂE#Rp1KE(&%ﬁﬃq&(
y
ﬁﬃﬂQ1Y !ﬂ(jP%V79ﬀﬀﬁﬃQt'SB>ﬀW
y
ﬁﬃﬂ('&&@Tc;H= EF A;b]% =BﬀWIﬂ(jP%2%79ﬀ(j.A\l3LﬁﬃN{WﬀMVRkWQ 3l-PRﬁ[&ﬂ(9ﬂ(&,ﬂ(ﬁﬃ"1)2t1K
E>A9Cﬁﬃ2ﬀV7&1ﬃ1)<<1c `?%2E1)ﬁ)9ﬀ79p-.ﬁLV:9CV<%&ﬂ(ﬀV7Er1K'&1)1K"FC}9Cﬁﬃ,  I~I5~  WRHX

:9
1Y !ﬂ(jP%V79ﬀﬀﬁﬃL+ﬂﬀEﬁ),<'&ﬁ)"1ﬃaTUl4 E#R 6X(W79M4Eﬁ),<+ﬂAj4%%79CAj.A\[3Xﬁﬃb{WﬀAVRkZU3[%&ﬂ(ﬀV7
E>H1ﬃr'&1)1K"FC}9Cﬁﬃ,JM ^v  ZV

k
XRﬂ+'&7ﬂ+(V&ﬂﬀR1)9S}9Cﬂl:s4E#V7ﬀﬁ)%27,.9C4sﬂ(,G9+9C(q&ﬂI&,'7C?W],G9ﬀﬂ+>,Rﬂ+1ﬃ0ﬂ(&,ﬂN1ﬃ7ﬂLﬂﬀﬁﬃW,>4s
"ﬂ(&(V&ﬂ7DG"ﬁﬃ7,p-PRDGEF1ﬃ+E1ﬃRE>(9LTUﬂC?
y
'&&Ps  +1)14l _"w\:Dﬁﬃ,G9CV7WﬀV7ﬂﬂﬀ[R&ﬂ[&ﬂ(E>'7&ﬂ
LEB>ﬂ(+:9bR&ﬂ="Rﬁﬃ,ﬂgﬀ71K?9ﬀﬁ)&%&,G9g1K(W&ﬂ7DGﬂﬀ,G9b&,2WV&,V7C1w7,29C(q&ﬂ~"#,Q'7'&(T &,2%2ER1ﬃﬁ)9ﬀ
79I&,
y
ﬀ%x\Lx&'r1)&ﬂl']1)'&1)ﬂl9ﬀBV&ﬀﬁﬃ-.7ﬂ&k41)ﬁﬃW,R,ﬂL-.r1KE1)E>A9+'&7ﬂN']?1ﬃ'&R1ﬃﬂlﬂﬀ,G9N7,
y
ﬁ)9M&ﬂ  	  	$
ﬁ ﬀ=79L,.9lV:9CV0E"1)ﬁﬃV7ﬂLx?,G9l1ﬃ7ﬂHﬀV7ﬂﬀ1O9S?9ﬀﬂlus4E#V7ﬀﬁﬃ%&,G9C4s#k
R
f
=B>EﬁO9C(FVRkLV&ﬂ(1)9C?9CﬂHus4E#V7ﬀﬁﬃ%&,G9C4st(V&'&7,G9Cﬂ
 VRkW[

 _2{>W(rB>49vEﬀV7ﬂﬀ7,.9ﬀp1KQRﬁ #V&ﬀ7,'&pR&ﬂvﬂﬀ7'79ﬀﬁﬃ,ﬂ+GT']'7&ﬂ0EF1K(ﬁﬃﬂ(V&&ﬂrT
y
ﬁ)ﬂA3
'&&w\M&,
y
,':9Cﬁﬃ,J
Φ
%27ﬂﬀ(V&0E>L1ﬃr'&1)1K"FC}9Cﬁﬃ,Q  +1)1
ak z'&ﬁ),V&%2?9ﬀﬁﬃ-.N%xj&,R,
&ﬂA9 
xB

 
RDZV
f
D
Q2   
R4DZV/v  2 :9  −t    4DSR&U/0  2 k= _{>W("ﬂQ%,G9C(1K
ﬂﬀ7'79Cﬁ),JGT'&'&v9C?9S1)TU'?k 3m}3m
k4,,43 E#1K(ﬁﬃﬂﬀV7x\g&,
y
,':9Cﬁﬃ,J
Φ
k> ^&ﬂL'&ﬀ"F&ﬂLE1)&ﬁﬃ,R&ﬂM(W7ﬂ
ﬀ7EﬀV7ﬂﬀ&,G9ﬀ&,G9,x(ﬂ(9ﬀ&%&,G9pPsR,,V7&ﬂ&k| _'&,.9ﬀﬀﬁ)"R9Cﬁ),h;   &ﬂA9rﬀ7EﬀV7ﬂﬀ7,.9ﬀV&JE>?a1K
'&Rﬀ"F+7(9CT − · · − ·· A\:kP _rﬁ V7ﬀ&,R'&N7,.9ﬀﬀv1)&ﬂM,,V&7ﬂH79H1)v;   7ﬂ(9L}9ﬀ9C(ﬁﬃ"RV&vt*MIH
,G9L1Kr'7,G9C(ﬁﬃ"R9ﬀﬁﬃ,29 Lﬁﬃﬂ(9A3-Vp&ﬂA9L&ﬂA9Cﬁﬃ%V&vEH1Ka'7("#v9Cﬁ)ﬀ:9CV&u3mEFﬁﬃ,G9ﬀﬁﬃ1ﬃ1)V&8TUR,'v9C(q&ﬂ
y
ﬁ)"1ﬃ]\:k
 "VRk
f 
 _Q{>W(p%2,G9ﬀﬀa1ﬃQV7E#7,&,R'&&,
Q2
Rp1KQE>?(9Cﬁ)aﬁ)%QWﬁﬃ,>ﬁ)ﬀ0r1c `?%2E1)ﬁ)9ﬀ
*MIH:sP9ﬀCﬁO9CE(9ﬀﬁﬃN1KJﬁ V7ﬀ7,'&7ﬂ8ﬂ(&'79ﬀﬁﬃ,Rﬂ8 T2'&'&7ﬂaEF1K?ﬀﬁﬃﬂ(V&7ﬂ&D
%&ﬂ(ﬀV7Q<9C(ﬁﬃﬂ
?1ﬃ7ﬀﬂH
Q2
Rﬁ #V&ﬀ7,G9C&ﬂlE>H1ﬃr'&1)1K"Fﬀ?9Cﬁ),Q  +?1ﬃ1
8k
RjQ
eg(&%ﬁﬃq7ﬀvE>A9Cﬁ)pF59CﬁO??9Cﬁ),ﬂMEBGjPﬂﬀﬁ)-.&ﬂ
-0.2
-0.1
0
0.1
0.2
0 0.5 1 1.5 2 2.5 3
|φ| (rad)
A
C
 aVRkWQ

 [ !ﬂ(jP%V79ﬀﬀﬁﬃ2'SB>ﬀW
y
ﬁﬃﬂ('&&TU;H=v\87,
y
,':9Cﬁ),
Φ
E#R81)<*MIH#D|%:3
ﬂﬀ(V&E>1K'&1ﬃ1K?"#ﬀ?9Cﬁ),  I~I5~#k~ _'7("#ﬂﬀ1)ﬁﬃt(&E(V&ﬂﬀ7,G9CR,@{9Q4s	R,,V7&ﬂ
 v;
cos Φ
0
cos 2Φ
v*
cos 3Φ
TU1ﬃ89C&(%p'&,ﬂA9S,G90:901ﬃa9ﬀ&ﬀ%p&,
cos 3Φ
ﬂﬀ,.90'7%E>?9Cﬁ)"1ﬃ7ﬂ
]&'an&V&(.\:k# _QV7E#7,&,R'&p&, 6E 
cos Φ
D#-.ﬁz&ﬂA9v'&71ﬃ1ﬃ8?9(9C&,Rr
 Z,aﬁﬃ,G9C7
y
V&(&,'7a7,.9ﬀﬀ
1ﬃv;  :9l1ﬃ0*MIH m1ﬃ]?ﬁﬃ,Wpﬀ7 SDR&ﬂ(9l(&E(V&ﬂﬀ7,G9CV&8E>L1Kr'7("#v9Cﬁ)ﬀ:9CV&?k
                   Degree                   φ
0 50 100 150 200 250 300 350
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
UL
A
-0.6
-0.4
-0.2
0
0.2
0.4
 dVRkWU

 [ `ﬂAjP%2V:9Cﬀﬁ)00ﬂﬀEﬁ),'7ﬁﬃ"1)TUl4N\H7,
y
,R'79Cﬁ),t
Φ
EFL1ﬃ0*MIH#DF%&ﬂﬀRﬀV&E>
1Ka'71ﬃ1ﬃ"FC?9ﬀﬁﬃ,QM ^v#k zr'7("#vﬂ(1ﬃﬁ)+(&E(V&ﬂﬀ7,G9C,J{9L4s<,,RV&&ﬂ0
sin Φ
v;
sin 2Φ
k
 ^a9C7ﬀ%r&,
sin 2Φ
&ﬂA90'&%E>?9ﬀﬁﬃ"1)a]&'n&V7ﬀD
'7p-.ﬁ|7ﬂ(9?9(9C&,R
 !R,pﬁﬃ,G9C7
y
V7ﬀ&,R'&p&,G9ﬀﬀ
1ﬃv;  :9L1ﬃ0*MIH m1ﬃ&ﬁﬃ,RWrﬀR& TU1)&ﬂLR9ﬀﬀ7ﬂl'7("#7ﬂl(&E(V&ﬂ(&,G9C7,.9+1ﬃ7ﬂHﬀV&ﬂ(1)9C?9CﬂHR'&1ﬃ'71ﬃﬂ
R9Cﬁ)1ﬃﬁ)ﬂC,G9MRﬁ)7ﬀﬂ(&ﬂlE>C?%2V:9Cﬀﬁ)ﬂC?9ﬀﬁﬃ,RﬂM8/eg*+ﬂC\
R&U
        

<

 

	 



  
     
	

  h  
 

 
    @   
 
R&X
 

 F 
 

	 

@

  
     
 _1K?"#ﬀ?9CﬁﬃﬀlfI =DLE#R  ﬁ ﬁﬀ,ﬃ
	 ﬀ ﬁﬂ
"ﬁﬃ	    	
	 
 	
  	
 
}DME1ﬃRﬂ
'&%%r,RV&%&,G90EEF&1)V#&(ﬂﬀ, _"$TY _"w\uD
&ﬂA9,'&&,G9ﬀﬀﬀ7'SB&('SB2ﬂ(ﬁ)9ﬀVtfILEFA9
fIﬁLﬂ&D7,+ﬁﬃ(Wﬁﬃ,ﬁ)NTU9S?9ﬀﬂA3 ﬂl,ﬁﬃﬂC\:kdm1RvV79CVH'7,ﬂA9CﬀRﬁ)9[>?,ﬂ[1ﬃM"RR9g
 Z:s4E1ﬃﬀ&|1ﬃM,xjQ}9C%ﬁﬃ-.
J1Y !ﬁﬃpR1ﬃJﬂﬀ,R2V71ﬃ&':9C(%Q?W,V79ﬀﬁﬃ-.p7,&ﬂ(E#V7C,G9aﬁﬃ,Rﬂﬀﬁ%ﬁﬃ74s'&%2E(&,Rﬀ1KJﬂ(9ﬀﬀ':9C(
&,-.>ﬀ.ﬂL7ﬂI,.'71ﬃV&,ﬂ&k
#&ﬀﬂ(,t _"<7ﬂ(9H?9CV+RN1Y !'&'7V&1)V&C}9C&RHMg;= TUEF ﬁ
" ﬁ ﬀ	 	 
 	ﬀﬁ 	 

 	
	 
' 	
  	
 
4\uD']?E>"1)R
y
ﬀ,ﬁ)N,
y
ﬁﬃﬂ('&&'7,G9Cﬁ),P
 ZV&1)&'79ﬀﬀ,RﬂRBR9Cﬁﬃ,G9ﬀ&,ﬂ(ﬁ)9CV
79L
 ZV&,R&ﬀWﬁﬃvEFR?,G9l?9ﬀ9ﬀ&ﬁ),ﬀ ∼ f /0 ak>e|?Lﬁﬃ1)1ﬃ&Rﬀﬂ&DP1ﬃv1ﬃ"FC?9ﬀﬁﬃ(IEFﬂ(ﬂﬀq&R8V7WG1ﬃ7%27,G9H,
'&7,.9ﬀﬀL'SB>(WVHHV:71ﬃEEF&g,1ﬃﬂﬀ7gNV&1ﬃ7'79ﬀﬀ,ﬂ[1)ﬁﬃ"(&ﬂ7D1ﬃ |~ TUEF
 	  
 	 
 	ﬀﬁﬁﬀ 
	\:D
ﬁﬃ,Rﬂﬀﬁ
-.
 Z,'&&,G9ﬀﬀ0ﬀ&'SBR&ﬀ'SBRa&,ﬁﬃ%2W7ﬀﬁ)+%V&ﬁ)']1)k
 g !'7'&V&1)V&ﬀ?9C7gMg;= &ﬂ(9gR9CVbM']]Pﬁ)9ﬀV&ﬂ[?'&'&V71ﬃV7C?9ﬀﬀﬁﬃ'7&ﬂXﬂﬀEﬀ'&,':9Cﬀﬁ)'&7ﬂ[1ﬃﬁP,,,G9
1KpE>A9Cﬁ)'&1ﬃﬀﬁO9CVN
y
(,ﬁﬃL,
y
ﬁﬃﬂ('&&  ﬁ
" !V71ﬃ&':9C(,ﬂ&DwE(V&ﬂ(&,G9S,G9Nﬁﬃ,ﬂ(ﬁ_,':j4'71ﬃR9Cﬁ)1ﬃ
 ∼ P   % k
=&1K<1)ﬁ|EF&(%2:9v y Rﬀ,ﬁ)N, y ﬁﬃﬂ('&&pB>49Cpﬁﬃ,G9ﬀ&,ﬂ(ﬁ)9CV?DEFR?,G9?9(9C&ﬁ),(
∼ R  µ  TU'70-PRﬁzV7-.ﬁ)?R9l P DWRj[ × P  15 V&1)&'79ﬀﬀ,RﬂlEHﬂﬀ7'&,Rx\:k
 _
y
,'79ﬀﬁﬃ,,R&%&,G9gH'&:9b'&'7V&1ﬃV7C?9ﬀ&[(&EFﬂﬀLﬂ(g1KNﬀ7'&ﬁ)ﬀ'&R1K?9ﬀﬁﬃ,rR&ﬂgV&1)&'79ﬀﬀ,Rﬂ["R9C7,.
&,
y
ﬁ)ﬂC,G90ﬂﬀR"ﬁﬃvJ'7&ﬂ0&(,ﬁﬃ7ﬀﬂ07ﬂRV7PﬁK?9ﬀﬁﬃ,RﬂNE>v'SB>?%2E%Q?W,V79ﬀﬁﬃ-.?k^=%%2a1ﬃp%,G9Cﬀ
1K0{>W(
P
k
P
DR1c `'7'&V71ﬃV&ﬀ?9C7HMg;= h&ﬂ(9M'&,ﬂA9CﬁO9CVNRN&Pst'7'&V&1)V&ﬀ?9C7ﬀﬂH1)ﬁﬃ,V&ﬁﬃ(&ﬂ[3g ^d6fIl
TUEF  	 	   	
	 
' 	\~3~ﬀ71ﬃﬁ)V&ﬂME>? X('&ﬂL0ﬀ7'&ﬁ)ﬀ'&R1K?9ﬀﬁﬃ,
k
 _
y
ﬁﬃﬂ('&&h
 ZV&1ﬃ7'79ﬀﬀ,ﬂa&ﬂ(9rﬁﬃ,}(7'79CVQ]&'JR,<V&,R&ﬀWﬁﬃQR
f
Q5  >,ﬂrR,Eﬀ7%2ﬁ)&a _dY3
fIl']E>?"1ﬃ0
y
(,ﬁﬃMR,a?'&'&V71ﬃV7C?9ﬀﬁﬃ,tEFR?,G9I?9ﬀ9ﬀ&ﬁﬃ,Rﬀ
f
 5 ak ﬂI,Eﬀ7%2ﬁ)&L('R
ﬀ7'&ﬁﬃ('&1ﬃ?9Cﬁ),<ﬂ('SBﬀW&,RﬂﬀﬁO9C001ﬃvV:Pﬁﬃ&L
P
U ◦ E#RH1ﬃvﬁ)ﬀﬁﬃW&M>?,ﬂL1ﬃvﬂﬀ7'&,R ^d6fIl
 ﬁ)1_ﬂﬀ"ﬁO9+Ra,4]?,r?'&'&V71ﬃV7C?9ﬀﬁﬃ,
kwdm1X'&'7q&r1ﬃ(ﬂl74s4ﬁﬃq&%r?ﬀ'a(&'&ﬁ)ﬀ'71K?9ﬀﬁﬃ,
-.ﬁ[1ﬃrﬀ%q&,>,Rﬂ1)rE(&%ﬁﬃ&0 ^d6fll+k_ _
y
ﬁ)ﬂﬀ'7]EF&R9&D^'&79(9C%2,ﬁﬃq7ﬀ?D'&ﬁ)ﬀ'71ﬃ7v
P
m[
y
ﬁ)ﬂ+>,Rﬂv1Y !'&'7V&1ﬃV7C?9ﬀ&+]?,.9N
 !o:9C(p:sP9Cﬀﬁ)9v:9vﬁ)ﬀﬁﬃWV&ﬀﬂ01)&ﬂ  I1ﬃ1)ﬂIusREFV&(ﬁﬃ%&,G9S?4sﬂ(
9C(R?,G9Lr1Krﬂ((9ﬀﬁﬃNRﬂ(&'7, _d6fll+kw [ !V7,&(Wﬁﬃ+{,>1ﬃ+
y
ﬁﬃﬂ('&]?J&ﬂ(9Iﬁ),ﬂﬀﬁ#%2P1ﬃ"1)I:9
E#7R9l?9(9C&ﬁ),( ∼ f /v rk
V
P
*+&4s4ﬁ)q&%E(9ﬀﬁﬃrw [ !'&'7V&1ﬃV7C?9ﬀ&IMg;= $:9I1)vV79ﬀ&':9C&RNM ^vJ8#&(ﬂﬀ, _"
 
P
k
P 
=,R{WC}9Cﬁﬃ,J01Y !'&'7V&1ﬃV7C?9ﬀ&H !V71ﬃ&':9C(,ﬂ+M~;b =k
dm1X7ﬂ(9NEFﬂ(ﬂﬀﬁﬃ"R1ﬃaV71ﬃﬁO4(&lﬂﬀﬁ)%r1)9C,V7%27,.9L9ﬀﬀﬁ)ﬂ
y
ﬁ)ﬂﬀ'7]4s
 ZV&,R&ﬀWﬁﬃ&ﬂI79+
 !ﬁ),G9C&,Rﬂﬀﬁ)9ﬀV&ﬂIﬁ
y
3
y
V&(&,G9C7ﬂa>,Rﬂa1ﬃ7ﬂ9ﬀﬀﬁ)ﬂ  +1)1ﬃﬂ0:s4EFV&ﬀﬁ)%27,G9S4sT  +1)1ﬃﬂ0aDz;79rH\:kXe|'&,RﬂﬀV&-.7,G9]DﬁO7ﬀﬂﬀ7ﬂ
:s4EFV&ﬀﬁ)&,'7&ﬂ=x&'NRﬁ #V&ﬀ7,G9Cﬂ=RV79C7'79ﬀ&(ﬂME#7R7,G9Ho79ﬀﬀ+%&,RV&&ﬂb&,<EC1)1ﬃq71ﬃD (R9C,G9M1K0Eﬀ?3
':9Cﬁ)PﬁO9CVl79H1ﬃ  >usRﬁ)"ﬁﬃ1)ﬁ)9ﬀVlR<1K"Fﬀ?9Cﬁ)ﬀ?k.*+N%o&%D.1ﬃ7ﬂ
y
ﬁ)ﬂﬀ'&&4sQE#7R7,G9Lo79C(NEF1K(ﬁﬃﬂ(V&ﬂ+TU1K
E#1K(ﬁﬃﬂC}9Cﬁﬃ,%2}s4ﬁﬃ%21ﬃ-.1Y Z,hE#7R9?9(9C&ﬁ),(JV79S?,.9r37,sR [30 ∼ UjV\uDV&1ﬃﬀWﬁ)ﬂﬀﬂﬀ,G9
ﬁﬃ,Rﬂﬀﬁ
1c !V:&,G9Cﬁﬃ1
R&ﬂl"ﬂﬀ7(?"1)&ﬂL0EBGjPﬂﬀﬁ)-PR8%&ﬂ(C"R1ﬃ&ﬂ7k
 _7ﬂE(&%ﬁﬃ&(ﬂ
y
ﬁ)ﬂﬀ'7]4s8=1Y !'&'7V&1ﬃV7C?9ﬀ&Mg;= ,G9|V79CV=V&1)ﬁ)PﬀV7ﬂ|&,
P
XjX&Yk} [ !V7,&(Wﬁﬃb-.
1Y Z,]?ﬁ)9Pﬁ)ﬂﬀV&L1)ﬀﬂRl1ﬃN'&,R'&&E49Cﬁﬃ,Rl1c `?'&'&V71ﬃV7C?9ﬀ&[V:9SﬁO9[ Y8/0 G&1ﬃ1)HvV79ﬀVL?9ﬀ9ﬀ&ﬁﬃ,G9ﬀL
'&RﬀﬂNa1Y !,,V7
P
XjXj[4kflV],R%2ﬁ),ﬂ&Dw'7p,
 !7ﬂ(9v-.
 Z&,
P
X&XQ-.p1ﬃ2ﬁ)ﬂ(9C(ﬁﬃ"49Cﬁﬃ,ﬂ(ﬁﬃ%r1O9S,RV&aR
y
ﬁﬃﬂ('&&4s0>?,ﬂ_1ﬃ&ﬂ^9ﬀﬀﬁ)ﬂ  +1)1ﬃﬂ^:s4EFV&(ﬁﬃ%&,G9SPs0&ﬂA9|:7,PRME#ﬂﬀﬂﬀﬁ)"1ﬃ?kx [ !V7,&(Wﬁﬃg ∼ f /v 	-.
1Y !'&'7V&1)V&C}9C&RMMg;= &ﬂ(9H'79ﬀ&1)1ﬃ&%&,G9=']E>?"1ﬃI
y
(,ﬁﬃbaV:9CVN"49C&,.vEFb1KEﬀ7%2ﬁ)q&ﬀ
y
ﬁﬃﬂg7,qR  RDGWﬀ'7N4s2EF&
y
ﬀ%2,'7&ﬂM?'&'&(&ﬂ=&ﬂM'&]4ﬁO9CV7ﬂM'7'&V&1)V&ﬀ?9C(ﬁﬃ'&7ﬂ=ﬂ(EC?'&,R'79ﬀﬀﬁﬃ'7&ﬂ7k
ﬂI,E(}(79<%4ﬁO{>']}9Cﬁﬃ,$R1Y !'&'7V&1)V&C}9C&RQV:9CVER1K,ﬁO{>Vx&'1c !".(&'79ﬀﬁ
y
R
y
(,ﬁﬃ
,
y
ﬁ)ﬂﬀ'7] !V7,&(Wﬁﬃ8E#4?,.9v?9ﬀ9ﬀ&ﬁﬃ,Rﬀ
P
R</v rDFﬁﬃ,'71ﬃ>?,.9IE(ﬁﬃ,'7ﬁﬃE>1)&%&,G9I1Y !}(,':9Cﬁ),R
']]Pﬁ)9ﬀV&ﬂ<ﬂ(EC?'&,R'79ﬀﬀﬁﬃ'7&ﬂJﬂ(EE1)V&%&,G9Sﬁ)ﬀ7ﬂ&D=1c `?%2V71ﬃﬁﬃC?9ﬀﬁﬃ,h7ﬂJE#7
y
(%Q?,'&7ﬂ<&ﬂJ'&]4ﬁO9CV7ﬂ
:s4ﬁﬃﬂA9S,G9ﬀ&ﬂ&D.:9=1ﬃ'7,ﬂ(9ﬀﬀ':9Cﬁ),2 !,Q-P?9C(ﬁﬃq&%  +?1ﬃ1>:s4EFV&(ﬁﬃ%&,G9S1cDG1ﬃ  +?1ﬃ1>*aD. 21Y Z,'&%ER9C
#&':9C7lR&ﬂl:s4E#V7ﬀﬁ)&,'7&ﬂl0EB9ﬀEﬀP':9Cﬁ),t0%2V7ﬂﬀ,ﬂLBGjP"ﬀﬁ)&ﬂLusR?9Cﬁﬃ-.7ﬂ&k
VR
=BEﬁ)9ﬀﬀ
P
k [ `?'&'&V71ﬃV7C?9ﬀ&IMg;= 
H'79CR&1ﬃ1)&%&,G9]DE1ﬃﬂvR R  <EBGjPﬂﬀﬁ)'&ﬁﬃ7,ﬂ0Eﬀx&,>,G98E1ﬃRﬂvMV JE>]j4ﬂ0ﬁ V7ﬀ7,.9ﬀﬂ0E>(9ﬀﬁO3
'&ﬁ)E#7,.9l?4st:s4EFV&(ﬁﬃ&,R'&&ﬂl#&':9CV7&ﬂ+2ﬁ7ﬀﬂ(, _"
k
gﬁﬃ'7ﬁv@E(V&ﬂ(&,G91ﬃ	R&ﬂﬀ'7ﬀﬁ)ER9Cﬁ),Ł7,ŁRV79S?ﬁﬃ1v1KhE(4R'79Cﬁ),&ﬂ
y
ﬁﬃﬂ('&&4s
 ZV&1)&'79ﬀﬀ,Rﬂ
]&'Q1Y !'&'7V&1ﬃV7C?9ﬀ&rMg;= =D|Q1c !ﬁ),}(&':9Cﬁﬃ,1c !us49ﬀC':9Cﬁ),
D_&,hE>?ﬂﬀﬂC?,.9Ea1)29Cﬀ,ﬂ(E#A9r:9
1Y !'&'7V&1)V&C}9Cﬁﬃ,<&ﬂ
y
ﬁ)ﬂﬀ'&&4s#k



 Ñ H§9½£¥ª¯ ¦Ł ´ ©ª®½¾§9©Ł ¦ ¶D¨­§9½5¥3³z¯®
 zrERﬀP'79ﬀﬁﬃ,Q&ﬂHV71ﬃ&':9C(,ﬂHEF1K(ﬁﬃﬂ(V&ﬂ=Rv1Y !'&'7V&1ﬃV7C?9ﬀ&MMg;= Tc]&'0,vEF1K?ﬀﬁﬃﬂﬀ?9Cﬁ),
%Q sRﬁ)%Q?1ﬃQR ∼ U  % \pﬂ& Z#&':9C&,ﬁ)1ﬃ1ﬃR%2ﬁ),>,G9aR,'&(ﬁﬃﬂA9S1Hﬂ(&%ﬁO3m'7,R'79C7
 `?ﬀﬂﬀV7,ﬁﬃRﬀ
WG1)ﬁﬃ% TY/0IﬂS\vJ1Y !ﬁﬃpR9ﬀﬀﬁ)ﬂvﬂﬀRﬀ'&7ﬂ8R21)%2ﬁ)q&(rE#1K(ﬁﬃﬂﬀV7r'&ﬁ)ﬀ'71Kﬁ)ﬀ7%27,.9&kzﬀﬁ)ﬂv1Kﬂ(&(ﬂ
'&(ﬀ7ﬂﬀEF,>,G9l'SB>'7,,  +1)1
:s4EFV&(ﬁﬃ%&,G9S1^V7%2:9ﬀ9ﬀ&,G9l0'&A9C7ﬂIﬁ)%2ER1ﬃﬂﬀﬁ),ﬂMV71ﬃ7'79C(ﬁﬃ-.7ﬂ
]&',
y
ﬀV7-PR&,'78YXjX@5 In?DL'SB>-.ﬁ)%2ER1ﬃﬂ(ﬁﬃ,E(4Rﬁﬃﬂﬀ,G9R,ŁE>?-PR79 !V71ﬃ&':9C(,ﬂ&D
79074sﬁ)%2ER1ﬃﬂﬀﬁ),ﬂNERﬀx7,>,G9&4s1ﬃﬂﬀ7ﬀﬂvﬁ V7ﬀ7,.9ﬀﬂ0ﬂﬀﬂﬀﬁO?,G9x&',
y
ﬀV7-.&,'72R
P
YXQ+5 In?k.iN,2v?ﬁﬃ,ﬂ(ﬁ
y
(%2V=9ﬀﬀﬁ)ﬂ
y
ﬁ)ﬂﬀ'7]4srﬁﬃﬂA9Cﬁ),'79ﬀﬂ&ﬂA9Cﬁ),V&ﬂg'SB>'7,v, +1)1RusREFV&(ﬁﬃ%&,43
9S1ck} g Zﬁﬃ,G9ﬀ&,ﬂ(ﬁ)9CV=
 !R,
y
ﬁﬃﬂ('&]?p,,V=&ﬂ(9g(V&W1)V&M7,r?ﬀﬁﬃ,G91Y Zﬁﬃ,G9ﬀ&,ﬂ(ﬁ)9CVbp1K?ﬂﬀ&X'&(ﬀ7ﬂﬀEF,>,G9&k
 _0EF1ﬃﬀﬁ)ﬂC?9ﬀﬁﬃ,rR&ﬂgV&1)&'79ﬀﬀ,Rﬂ~7ﬂ(9bﬀ7,.&(ﬂﬀV&Nx&'l,
y
ﬀV7-.&,'7+KV   In?k. ^&ﬂ~V&1ﬃ7'79ﬀﬀ,ﬂgﬂ(,G9
'&'7V&1)V&ﬀV7ﬂE>X,r'SB>?%2ErV71ﬃ7'79C(ﬂ(9C?9Cﬁ)-.=
P
 I? rk _7ﬂE>-.:9Cﬂ !V71ﬃ&':9C(,ﬂE>?ﬂﬀﬂﬀ7,G9g&,ﬂ(ﬁ)9ﬀ
>,ﬂz,    .
	H aﬁ)1ﬃﬂ^ﬂﬀ,.9|V7Pﬁ)V&ﬂX9ﬀC,Rﬂ(7ﬀﬂﬀ1ﬃ7%27,.9&DL1Y !ﬁ)g
 !R,a'SB>%Ea%2W,RV79Cﬁ)-.D >,Rﬂ
9C(ﬁﬃﬂgﬁ)ﬀ&':9Cﬁ),ﬂg,,RV&&ﬂvTc]7'+,
y
ﬀV7-PR&,'7NKYXjXr5  Inx\g?{>,QI1)&ﬂ
y
ﬁﬃ(LE>ﬂﬀﬂ(&=9Cﬀ]&(ﬂ
1ﬃ7ﬂ09ﬀﬀﬁ)ﬂ0R7(9ﬀﬀ7ﬂa
 Z,"49Cﬀ?9C7&kz ^&ﬂE>-.:9Cﬂa !V71ﬃ&':9C(,ﬂE>ﬂﬀﬂﬀ,G9rE>?8,R24&A9C(
,,RV&='7ﬀ(&ﬂ(E#,R&,G9gﬁ),ﬂﬀﬁPl,
y
ﬁ)ﬂﬀ'7]8&ﬂA9Cﬁﬃ,RVMIR,  +1)1G:s4EFV&ﬀﬁ)%27,G9S1.,R,Vk g Zﬁﬃ,G9ﬀ&,ﬂ(ﬁ)9CV
v'SB>-.
y
ﬁ)ﬂﬀ'&&JEF&R9lo79ﬀﬀv%4Rﬁ){>V7N&, (ﬂA9S,G9l1Ka9Cﬁﬃ1)1ﬃl01Y ZR&(9ﬀﬀv'7ﬀ(&ﬂ(E#,R>,G9C?k
Xﬂv1ﬃ7ﬂNE>-.:9Cﬂv
 ZV&1)&'79ﬀﬀ,Rﬂvﬂﬀ,G90&,RﬂﬀﬁO9CpC?%27,V&ﬂNﬂ(v1K2%2o7%2a9ﬀC (7'79ﬀﬁﬃ(aE>vRV7PﬁK?9ﬀﬁﬃ,
%Q?W,V79ﬀﬁﬃ-.?k
 
P
kSR

 ^&ﬂg9C(ﬁﬃﬂ
y
?ﬁﬃﬂﬀ'7]Psv&ﬂA9Cﬁﬃ,?9Cﬁ),&ﬂ  +?1ﬃ1ﬃﬂ|:s4E#V7ﬀﬁ)%27,.9C4s8D.;h79=+DGﬂ(jP,'SB(,ﬁ 3
ﬂﬀV7ﬂb]&'l1K
y
ﬀV7-.&,'7IR
y
,'79ﬀﬁﬃ,,R&%&,G9g&ﬂ~ ^d6fIl=ﬂ+T
P
YXQv5 lnx\:k. _vB>49C&R~R&ﬂgﬂﬀ
y
'&7ﬂ
B>'SB.(V&&ﬂlﬀ7EﬀV7ﬂﬀ7,.9ﬀa1c !ﬁ),.9ﬀ&,ﬂ(ﬁ)9ﬀVv
y
?ﬁﬃﬂﬀ'7]t
 ZV&1)&':9Cﬀ,ﬂ&k
=%2%M1)M%2,.9ﬀﬀH1ﬃ+{>W(
P
kSRPD,pﬂﬀL(79C(RI?1ﬃ(ﬂ[]&'l,
y
ﬁ)ﬂﬀ'&&
 ZV&1ﬃ7'79ﬀﬀ,ﬂ['7,ﬂA9CﬁO3
9CV0E>-.:9CﬂIﬂﬀﬂﬀﬁO?,.9I]7'a,R
y
(V&-.&,R'&aR V × YXjX   P YjXQ5 In?DF'78-.ﬁ_V7-PRﬁ)?R9+
VjV
*+&4s4ﬁ)q&%E(9ﬀﬁﬃrw [ !'&'7V&1ﬃV7C?9ﬀ&IMg;= $:9I1)vV79ﬀ&':9C&RNM ^vJ8#&(ﬂﬀ, _"
,tﬁﬃ,G9C7(?1)1ﬃ+RN9C&%EﬂH R
 
Vrv,ﬂ7k>+ﬁﬃ,RﬂﬀﬁYD4>,ﬂHR,  I1ﬃ1#:s4EFV&ﬀﬁ)%27,G9S1
R,,V?D1ﬃ7ﬂHE>-.79ﬀﬂ

 ZV&1ﬃ7'79ﬀﬀ,ﬂl(ﬀﬁO&(,G9H9C49C&ﬂL1)&ﬂ Rr,ﬂ&kw _p1K(W&RH0'&&ﬂlE>-.:9CﬂL&ﬂA9+R RERﬂ&k
 g Zﬁﬃ,G9ﬀ&,ﬂ(ﬁ)9CV07ﬂ
y
ﬁﬃﬂ('&]?4stV71ﬃﬁ)P(V&ﬂL>,ﬂL1)&ﬂ  +1)1ﬃﬂM :9NE#7R9+?9ﬀ9ﬀ&ﬁﬃ,Rﬀ R
µ
aD9S?,ﬁﬃﬂ
-.>,RﬂJ1ﬃ'&ﬂJ  I1ﬃ1I;+DM']ﬂ(ﬂCE(9ﬀﬁﬃ'&R1K(ﬁ)9CVt
 Zo79ﬀﬀWC,R'&'7&ER9C,'7DH1ﬃ
V79ﬀ&':9C&RQM ^Nh1)ﬁﬃ%ﬁ)9ﬀ21c !ﬁ),.9ﬀ&,ﬂ(ﬁ)9ﬀVQ
y
ﬁ)ﬂﬀ'&&h-.
 Z,@EF&491ﬃﬁbV&1)ﬁ)Pﬀ7tTUJ1c !ﬀ(<qR}3
V v,v\ukG~jPEﬁ)-.&%&,G9]D.1c !ﬁ),.9ﬀ&,ﬂ(ﬁ)9ﬀVHQ1ﬃﬂﬀ7['&(ﬀ&ﬂ(E#,>,G9= I1ﬃ1R;$7ﬂ(9bﬀV7W1ﬃV7lRl%2,ﬁ)q&(L
EﬀPﬁ)ﬀH,
y
ﬁ)ﬂﬀ'&&2x&'l,lﬁﬃ,G9C7,ﬂﬀﬁO9CVLL-.&1)-.&ﬂ
µ
-.ﬁwﬂﬀlﬀ79ﬀﬀ4l&,ﬂ(ﬁ)9ﬀI(V&ﬁO9CLE>
,
y
(9C2ﬁﬃ%ﬁﬃ,.R9ﬀﬁﬃ,<1c !R7(9CRﬀ<Q1Y Z"R9CRC?9ﬀ&8ﬂﬀﬂ(4'7ﬁﬃV7J  +?1ﬃ1~; E#8{>,1ﬃ7%27,.9
?9ﬀ9ﬀ&ﬁ),ﬀ1ﬃ7ﬂR}3-V , ﬂﬀBﬁ)9ﬀV&ﬂ&kb _1)%2ﬁ),ﬂ(ﬁ)9CVT EﬀPﬁO9QR1Y Zﬁﬃ,G9ﬀ&,ﬂ(ﬁ)9CV
y
ﬁﬃﬂ('&]?
DbR
1Y ZV&E>?ﬁﬃﬂﬀﬂ(&I79+r1K&,Rﬂﬀﬁ)9ﬀVrr1ﬃ2'7ﬁﬃ"1)x\M9mj4ERﬁﬃ-.p7ﬂ  +1)1ﬃﬂl :9 T
L ∼ 1038 '&% −2 ﬂ −1 \I&ﬂA9
ﬂﬀEFV&(ﬁﬃ7ﬀ0FYﬀRﬀ&ﬂL0Wﬀ,7lp'&&1)1ﬃv  +?1ﬃ1
; T
L ∼ 1034 '&% −2 ﬂ −1 \uk
 _
y
ﬁ)ﬂﬀ'&&ﬂﬀ"ﬁO9I{,>1ﬃ7%27,G9IR,a?'&'&V71ﬃV7C?9ﬀﬁﬃ,
f
Q25  >?,ﬂ+1c !ﬁ),}(&':9C&RI]?,G9I
 !o:9C(
ﬁﬃ(ﬁﬃWVl7ﬀﬂl1ﬃ0 ^d6fIl flﬀk


	
a¹½½¾¶D¨­¶³©¥ª­B ¦Ł ´ ©ª®½¾§9©Ł
eX=1K8ER1ﬃE>?(9MR&ﬂH'7'&V71ﬃV&ﬀ?9C7ﬀﬂH1)ﬁﬃ,V&ﬁﬃ(&ﬂ7DP1ﬃ8Wﬀ,I-.>,G9CﬁO9CVN+'SB>1ﬃ7ME(4Rﬁ)9ﬀ+E>
#790(V&ﬂﬀﬁ)ﬂ(9ﬀﬁ
y
>,Rﬂv1ﬃr%V79C1|'7,ﬂ(9ﬀﬁ)9ﬀ>,G901ﬃ7ﬂv']]Pﬁ)9CV7ﬂ0'&'7V&1)V&C}9Cﬀﬁ)'&7ﬂN,E#7ﬀ%79vEﬂv,'7'&Vu3
1ﬃV7C?9ﬀﬁﬃ,'7,G9Cﬁ),PRJ
y
ﬁﬃﬂ('&]?
kgiN,	ﬂﬀtﬀ:9CﬀR1)ﬀﬂp]&'t&ﬂ
y
ﬁ)ﬂﬀ'7]4sh,G91ﬃ7ﬂpE>-.79ﬀﬂ

 ZV&1ﬃ7'79ﬀﬀ,ﬂpﬂ(,G9ﬂﬀV&EﬀV7ﬂEpJ1ﬃ,Wﬂpﬁﬃ,G9ﬀ&(?1)1ﬃ7ﬂaJ9C7%2ERﬂ
'&t-.ﬁMR,,t,	'7jP'71ﬃtR9Cﬁ)1ﬃ
ﬀ71K?9ﬀﬁ)7%27,G9Q">?ﬂ&kM [ !'&'7V&1)V&C}9C&RJMg;=  R#&(ﬂﬀ, _"ﬂ(ﬁﬃﬂA9Cﬁ),WE>2ﬂﬀ&ﬂJ'&]4ﬁO9CV7ﬂ
'&'7V&1)V&C}9Cﬀﬁ)'&7ﬂHﬂﬀEﬀ'&,':9Cﬀﬁ)'&7ﬂ+1ﬃRﬁ
E#7ﬀ%79(9S,G9L
y
(9ﬀ&%&,G9L%ﬁﬃ,ﬁ)%2ﬁ)ﬂﬀ&b1ﬃ7ﬂHE#7(9C7ﬂIELﬀV:3
ﬂﬀﬁ)ﬂ(9S?,'&079l?ﬁﬃ,ﬂ(ﬁ^
 `?'&'&V71ﬃV7ﬀ&L1)
y
ﬁﬃﬂ('&]?R
y
?&, 6'7,G9Cﬁ),PRSk
 g !'7'&V&1)V&ﬀ?9Cﬁ),t
y
?ﬁﬃﬂﬀ'7]&ﬂA9+ERﬀﬁﬃﬂ(0&,'SB>ﬀW8E>?l1)&ﬂL74s ^d6fIl=ﬂpTU ^d6fIl=ﬂIfI(:9
4w\uD'SB>?'&,
 Z&,G9C(p&4sV79C,G9v'&,Rﬂ(9CﬁO9CVa
Pf
2']]Pﬁ)9CV7ﬂ0'&'7V&1)V&C}9Cﬀﬁ)'&7ﬂNﬂﬀERC'7,':9C(ﬁﬃ'&7ﬂ
ﬀV7E>(9ﬀﬁﬃ7ﬂ|>,RﬂhR+%P1ﬃ7ﬂX'7(jWV&,Rﬁﬃ-.&ﬂHTU'SB>-.H%P1ﬃ~'&AjWV&,ﬁ)-PRMﬂﬀM'7%E#ﬂ(=,'= U
']]Pﬁ)9ﬀV&ﬂS\uk> ^&ﬂH'&xPﬁO9CV&ﬂL?'&'&V71ﬃV7C?9ﬀﬀﬁﬃ'7&ﬂMﬂ(Eﬀ'&,R'79ﬀﬀﬁ)'&&ﬂLﬂ(,G9L'&,ﬂA9CﬁO9CV7&ﬂH0flﬁﬃ"ﬁ)% 79Lﬂ(,G9
ﬀ
y
ﬀﬁ)ﬁﬃ7ﬂ=>,RﬂM1Y  IV71ﬃﬁﬃR% ﬂ(EF&  ﬁﬃNr,N9C7%2EFV&ﬀ?9CRﬀN~R 
kﬃﬂI,v'7&,G9Cﬀ1ﬃ+'&(jWV7,ﬁﬃ-.?D
ﬂﬀﬁO9CV7r&,G9C(p1ﬃ7ﬂN&Ps ^d6fIl=ﬂ7D^&ﬂ(90RV&ﬁ)V&p<1ﬃQEﬀP':9Cﬁ),p1c  lV&1ﬃﬁ)% 1ﬃﬁ)-.ﬁﬃ81)ﬁﬃ%&,G9S,G9
1ﬃ7ﬂ=,%a"ﬀ74s<%P1ﬃ7ﬂb'7(jWV&,Rﬁﬃ-.&ﬂ7k> _a1ﬃ,W7=?'79CﬁON !,RN']]Pﬁ)9ﬀV+V79C,G9H 4DS[8%D.'&71ﬃ1ﬃ

 Z, ^d6fIl 7ﬂ(9+E>l'&,ﬂ(V&-.7,.90R
Pf
 × RDW[   U %k=B-.r ^d6fIl y ﬀ,ﬁO9l,r?'&'&Vu3
1ﬃV7C?9ﬀﬁﬃ,x(ﬂ(9C"1ﬃp7,G9Cﬀ]Y t5  79
f
 t5 ak_[,ﬁ),'&1)>,G9v1ﬃ7ﬂ
P
U<']]Pﬁ)9ﬀV&ﬂ0-.ﬁ['&%2EFﬂﬀ7,G9
1Y Zﬁﬃ,}(7'79ﬀ&7DF1c `?'&'&V71ﬃV7C?9ﬀ&+Mg;= '7%E#A9C89ﬀ9S1
P
U  R × Pf    VjV&U2']]Pﬁ)9ﬀV&ﬂv?'&'&V71ﬃVu3
C?9ﬀﬀﬁ)'&&ﬂHﬂ(Eﬀ'&,R'79ﬀﬀﬁ)'&&ﬂ7k
 _7ﬂV&1ﬃ7'79ﬀﬀ,ﬂﬂ(,G92(&ﬁ)ﬀﬁ)WV&ﬂr !,@ ^d6fIl 1c `49Cﬀ?D|ﬂ("ﬁﬃﬂ(ﬂC,G9Qﬁﬃ,RﬂﬀﬁM,RRV7PﬁK?9ﬀﬁﬃ,hR
P
U  ◦ Da1c `?ﬁﬃL~Xaﬀ'7ﬂMN(&'&ﬁ)ﬀ'71K?9ﬀﬁﬃ,,G9K[ﬂﬀ,G9Mﬂ(ﬁ)9ﬀV&ﬂH81Y Z:sP9C(V&%ﬁ)9CVI[ﬂ(9TU ^d6fIlfI(
→  ^d6fll 4w\p791)&ﬂ]Y?R9C(&ﬂ21c !us49ﬀﬀV7%2ﬁO9CViN&ﬂA9TU ^d6fIl 4R →  ^d6fIl flﬀw\uk[
1Kﬂ((9ﬀﬁﬃ<RJ'SB>-. ^d6fIl+D1)&ﬂ
y
ﬁ)ﬂﬀ'7]4s
 ZV&1ﬃ7'79ﬀﬀ,ﬂpﬂ(,G9ﬂﬀV7E>ﬀV7ﬂp&A9Cﬁ)']1)&%&,G9pE>a,
'SB>%EQ%2W,V:9Cﬁ)-PRlﬂ(&1),Q1)&(ﬂ=V&,R&ﬀWﬁﬃ&ﬂ~79=ﬁﬃ(ﬁﬃWV7ﬂ[&(ﬂM1Y !('lR+ﬀ7'&ﬁ)ﬀ'&R1K?9ﬀﬁﬃ,EERﬀE(ﬁﬃV?k4 ^7ﬂ
V&Y
=BEﬁ)9ﬀﬀ
P
k [ `?'&'&V71ﬃV7C?9ﬀ&IMg;= 
y
ﬁﬃﬂ('&&4sJﬂ(,G9l&,ﬂ(ﬁ)9ﬀ(&'7%r"ﬁ),V&ﬂl]?,G9I !o:9Cﬀ0(V&ﬁﬃ, (&'79ﬀV&ﬂl>,ﬂL1)0 _d6fllﬂ(ﬁ)?,G9]k
 _7ﬂgV&1ﬃ7'79ﬀﬀ,ﬂgEF&R&,G9Mo:9C(l(&'7ﬁﬃﬀ'71ﬃV7ﬂ#(ﬂﬀ-.
 !_[
y
ﬁ)ﬂ[>,ﬂg1)&ﬂg ^d6fIl=ﬂ7k4'SB>?-PRl9ﬀ&DGﬁ)1ﬃﬂ
E>ﬂ(ﬂﬀ&,G9[,ﬂ|R,ﬀ'~ﬁ #V&(&,G9]k? [ `?'&'&V71ﬃV7C?9ﬀ&gMg;= &ﬂA9[1)ﬀﬂz']?E>"1)=
y
ﬀ,RﬁﬃX4s  +1)1ﬃﬂ
:s4EFV&ﬀﬁ)%27,G9S4s[8V7,&(Wﬁﬃ7ﬂ=
y
ﬁﬃﬂ('&]?<ﬁ #V&(&,G9C7ﬂ&kRg,QR9Cﬁ)1ﬃﬁﬃﬂﬀ,G9~1Y !'&'7V&1ﬃV7C?9ﬀﬁﬃ,%2}s4ﬁﬃ%21ﬃLE>
 ^d6fIlR
f
 5 rD>,EF&R9I?9(9C&ﬁ),(v,0V&,7ﬀWﬁ)v%Q sRﬁ)%Q?1ﬃ+R ∼ f /0 ?Eﬀq7ﬂA[r9Cﬀﬂ7k

 
X«ª®H¥3³lªÅ Ł'¥ª¯ ¦Ł ´ ©ª®½¾§9©Ł ¦©® ¨­§9®
 
R¼©¨­¨® §'±¶³lª 
° §9·¥v©Ł  Æ R¼©¨­¨Îa (R¼©¨¨  R¼©¨¨\
 1Krﬂﬀ(9Cﬁ)v _d6fll 4R
D>,ﬂﬀV&EC?9ﬀ&Lﬀﬁﬃ}3
y
ﬀV7-.&,'7vE#7ﬀ%79L1c !us49ﬀC':9Cﬁ),t&ﬂLE>}3
-.79ﬀﬂ~ !V71ﬃ&':9C(,ﬂb4spV7,&(Wﬁﬃ7ﬂgﬂﬀBﬁ)9ﬀV&&ﬂg:9bﬂ(I'SBﬀWL7,ﬂﬀﬁO9CLLﬂﬀV7E>(&g1ﬃ7ﬂ9Cﬀﬁﬃﬂ
y
ﬁ)ﬂﬀ'&&4s
?{>,t01ﬃ7ﬂLﬁﬃ(ﬁﬃW7b7ﬀﬂl1ﬃ7ﬂL9ﬀﬀﬁ)ﬂ  +1)1ﬃﬂMus4E#V7ﬀﬁﬃ%&,G9C4s#k
 g !'7'&V&1)V&ﬀ?9C7M~;b  7ﬂ(9ﬁﬃ,Rﬂﬀﬁr'&E>"1)	
y
ﬀ,Rﬁﬃﬂﬀﬁ)%r1O9S,V7%27,G99Cﬀﬁﬃﬂ
y
ﬁ)ﬂﬀ'&&4s

 ZV&,7ﬀWﬁ)&ﬂ~ﬁ #V&(&,G9C7ﬂ&DP79b
 !ﬁ),G9C&,Rﬂﬀﬁ)9ﬀV&ﬂbﬁ #V&(&,G9C7ﬂ&D44s9C(ﬁﬃﬂ  +?1ﬃ1ﬃﬂ[us4E#V7ﬀﬁﬃ%&,G9C4saD4;@:9H+k
 _  +1)1 '7,G9Cﬁﬃ7,G9 RaﬂﬀEF&'79ﬀﬀ%q79ﬀﬀ7ﬂHﬁﬃ7,.9ﬀﬁﬃ-.7ﬂHN9C(q&ﬂHB>49CvﬀV7ﬂﬀ1)R9Cﬁ),<7,ﬁ)%2ER1ﬃﬂ(ﬁﬃ,
p
T ∆p
p
∼ 10−4 \~EF&ﬀ%79(9S,G9b1KV79ﬀ&'79ﬀﬁﬃ,2&ﬂ=E>(9ﬀﬁﬃ'71ﬃ7ﬂb
 Zﬁﬃ%E1)ﬂﬀﬁ),1ﬃ1ﬃ,G9^(Rﬂﬀ-.
 ! Y/v    '?kPdm1
&ﬂA9[ﬂﬀA9C49g&ﬂA9Cﬁﬃ,RVL4sa:s4E#V7ﬀﬁ)&,'7&ﬂg&%2,,G9[,M9ﬀﬀq&ﬂ[WC,RMEﬀV7'&ﬁ)ﬂﬀﬁﬃ,p>,ﬂ1ﬃ+V:9C&':9Cﬁ),
~1Y ZV&1ﬃ7'79ﬀﬀ,8ﬁ #ﬂﬀV~79|aBﬀ,abﬀ&'71Yk} ^  I1ﬃ1PEFﬂ(ﬂﬀq&R Rlﬂ(E#7'79ﬀﬀ%q79ﬀﬀ&ﬂﬂ(jP%V79C(ﬁﬃ-.7ﬂ
NB>?R9CN(V&ﬂ(1ﬃR9ﬀﬁﬃ,T ∆p
p
∼ 10−3 \~79HE(V&ﬂ(&,G9Cv1ﬃaE>A9Cﬁﬃ'71K?ﬀﬁ)9ﬀVLNEF&ﬀ%79(9C(N1Y Zﬁﬃ,ﬂA9S1)1K?9ﬀﬁﬃ,pR
V79ﬀ&':9C&RﬀﬂvV7ﬁﬃV7ﬂv<&ﬂ+:s4E#V7ﬀﬁ)&,'7&ﬂvE>A9Cﬁ)'&1)ﬁﬃq&(&ﬂ7kN>,G90?  +1)1|;ID#ﬁ)1|"Rﬀﬁ)9ﬀa1)aV:9C&':9C7
M ^v-.ﬁ7ﬂ(901Y Z"P(:9v'SB>ERﬁ)9C(rﬂﬀRﬁ)?,G9]k^ _QE(9ﬀﬁﬃ'&R1K(ﬁ)9CVp'7pV79ﬀ&'79ﬀ&07ﬂ(90ﬂC<WC,R
'&'7&ER9C,'7kFdm1XEF&(%2:9+?1ﬃ(ﬂI
 Z"ﬂ(&A&+ﬂﬀﬁﬃ%a1)9C,V&%&,G9L8,%r"Rﬀ&Rﬂﬀ&ﬂ+ﬀV]?'79Cﬁ),ﬂl%27,>,G9+
&ﬂLV:9S?9ﬀﬂL{,>1ﬃﬂLpE1)ﬂﬀﬁ)&(ﬂLE>(9ﬀﬁﬃ'71ﬃ7ﬂTU'SB>(WV&7ﬂI:9L,&49Cﬀ7ﬂS\HﬂﬀL,1K?ﬀWv7ﬂﬀE>'78RERB>ﬂﬀ?k
V[
*+&4s4ﬁ)q&%E(9ﬀﬁﬃrw [ !'&'7V&1ﬃV7C?9ﬀ&IMg;= $:9I1)vV79ﬀ&':9C&RNM ^vJ8#&(ﬂﬀ, _"
V
f
 

 F  
   	t  
 

 
 _JRV79C7'79ﬀ&M ^v   V
P
TUEF    
  	ﬂ    
  ﬁ  
 	ﬀﬁ 
 
	\7ﬂ(9]D|'&%%2
ﬂﬀ,Q,% 1Y Zﬁﬃ,ﬁ)-.D.,JV:9C7'79C7LaWﬀ,N'&'7&ER9C,'&?DEF&ﬀ%79(9S,G9=1Y Zﬁﬃ7,.9ﬀﬁ){>'&?9Cﬁ),79H1ﬃ8Vu3
9C7ﬀ%ﬁﬃ,>?9ﬀﬁﬃ,Q01Kr'&ﬁ),V&%2?9ﬀﬁﬃ-.v
 Z,1K(WNV7&,G9S?ﬁﬃ1_0E>A9Cﬁﬃ'71ﬃ7ﬂ&D'SBﬀWV7&ﬂl79l,7R9C(&ﬂ&kwdm1^ﬂ(
ﬂﬀﬁO9Cv>?,ﬂL1ﬃﬀ +?1ﬃ1^;8#&(ﬂﬀ, _"
k
 z{>Wﬀ R4k
P
%2,G9ﬀﬀJ,JPWV&,RV&C?1ﬃJ$V79ﬀ&':9C&R<M ^vFk~iv,$ﬁ)ﬂ(9Cﬁ),Wt1c !7,.9ﬀﬀV7
  +1)1^;+DFRﬀﬁO9CvﬂﬀRI1ﬃp{Wﬀ?Dw1ﬃvﬂ(jPﬂA9Cq&%aﬀﬁﬃ?9C7
 
V:9Cﬁ)-PR79S?Wv-.ﬁ_,,1KpEFﬂﬀﬂ(ﬁﬃ"ﬁ)1ﬃﬁO9CV

 Z"R9C7,ﬁﬃ7DFQE>A9CﬁﬃL
y
ﬁﬃﬂ('&]?
 ZV&1ﬃ7'79ﬀﬀ,ﬂIV&1)ﬁ)PﬀVE>I1Y !'&'7V&1)V&C}9C&RNMg;= =D,
y
ﬁﬃﬂ('&]?
0EB9ﬀ,ﬂLﬀV7&1)ﬂTUE>Lﬀxj,,7%27,G9IR
y
(&ﬁ),>W]\=79l1Kr%&ﬂ(ﬀ001Y ZV&,R&ﬀWﬁﬃv0'&7ﬂIR&ﬀ,Rﬁﬃ&(ﬂ&k
 ﬃR4k
P
g0WV&,RV&C?1ﬃv  +1)1
;]&'&,ﬂﬀ,'7&,G9C(81)vV79ﬀ&'79ﬀ&+M ^v#k
VQ
*+&4s4ﬁ)q&%E(9ﬀﬁﬃrw [ !'&'7V&1ﬃV7C?9ﬀ&IMg;= $:9I1)vV79ﬀ&':9C&RNM ^vJ8#&(ﬂﬀ, _"
*a !R,C]j,
 Z&,GPﬁﬃﬀ, [2%q79C(&ﬂ7DF1)8RV79C7'79ﬀ&0M ^N&ﬂ(9+" ?9ﬀﬁX?R9CRI8ﬂﬀﬁ s"F"ﬁ),&ﬂlﬂﬀP3
EC?'&,R'79ﬀﬀﬁﬃ'7&ﬂgE(4RﬁﬃﬂC?,.9gR,'SB%2E%2W,V:9Cﬁ)-PRM9C( >?1Rﬂ(jP%V79ﬀﬀﬁﬃ-.LE>?[CEEFA9~01c ` sR

y
ﬁﬃﬂ('&&
D>79lV:{>,ﬁ)ﬂﬀﬂC?,.9Iﬁ),ﬂﬀﬁﬂﬀﬁOsJﬂﬀ&':9C7ﬀﬂlﬂ(jP%V79C(ﬁﬃ-.7ﬂ&k
=B>'&R,'&7ﬂLﬂﬀﬁOsJﬂﬀ&':9C7ﬀﬂl'&,G9ﬀﬁﬃ&,G9

V<(V&Wﬁ),ﬂ+Rp'SB>%r"(&ﬂ0QRV&ﬀﬁOT ﬂﬀNR,pﬁﬃﬂA9S,R'&r
 Z&,GPﬁﬃ(,8R4DW[Q%<\l]jG,G90EF+ 1ﬃ
8V79ﬀ&(%2ﬁ),&l1ﬃ7ﬂl9ﬀC (7'79Cﬁﬃﬀ7ﬂ+7ﬂ+E>?(9Cﬁ)'&1)&ﬂl'SB>(WV&7ﬂNﬁﬃﬂ(ﬂﬀ7ﬂ+81K'&ﬁﬃ"R1ﬃDwEF&(%2:9ﬀ9S?,.9
ﬁ),ﬂﬀﬁcD'&,,>ﬁ)ﬂﬀﬂC?,.9l1)v'SB>%E%2W,RV79Cﬁ)-.v&,GPﬁﬃ(,,>,G9&D>0V79ﬀ&ﬀ%ﬁﬃ,R&H1Y Zﬁﬃ%E1)ﬂﬀﬁ),Q7ﬂ
E>?(9Cﬁ)'&1)&ﬂLE>A9Cﬁﬃ=01ﬃ&RH'&("(D

7ﬂ+'7%2E49C&Rﬀﬂ=&ﬀ7,x'SB>(WV&ﬂI
 Zﬁﬃ7,.9ﬀﬁ){>7L1ﬃ&ﬂLV71ﬃ&':9C(,ﬂl,G9+1ﬃr4ﬁO9C7ﬂﬀﬂﬀ8&ﬂA9+E(4'SBR
'&&1)1ﬃ1ﬃ1ﬃR%2ﬁ)q&ﬀ79Q,'?D=ﬂ(&1)ﬂ&DMEﬀﬁ)ﬀﬁcD[']E>?"1ﬃ7ﬂQﬀ]j,,R&<,R1ﬃ%ﬁﬃq7ﬀ
=7ﬀ&,RxFD

7ﬂ[ﬂﬀ'7ﬁﬃ,G9Cﬁ)1ﬃ1K}9C&Rﬀﬂ|ﬂ(&A?,.9~N%&ﬂ(ﬀ71ﬃb9C&%EﬂRM14&ﬂ[E>?(9Cﬁ)'&1)&ﬂLT '&:9ﬀ9CHﬁ),
y
(%Q?9ﬀﬁﬃ,D
'7%r"ﬁ),V&81c !ﬁ)%2ER1ﬃﬂ(ﬁﬃ,<R&ﬂ+E(9ﬀﬁﬃ'&R1ﬃ&ﬂHRV79C7ﬀ%ﬁﬃ,V78EL1ﬃ&ﬂl'SB>%a"ﬀ7ﬂ+V&(ﬁ)EF&ﬀ%79
1c !ﬁ)&,G9CﬁO{>']}9Cﬁﬃ,<&ﬂlE>A9Cﬁ)'&1)&ﬂHE>H'7ﬀ(V&1ﬃ?9Cﬁ),<9C7%2EﬂLv1
 
ﬁﬃ%E1ﬃﬂ(ﬁﬃ,>\:D

,@']1)ﬀﬁ)%2q:9C(<V&1)&'79ﬀﬀ%2W,RV79Cﬁ)-.J,G921ﬃ&ﬂ
y
,R'79Cﬁ),ﬂpﬂ(,G9Q1c !ﬁ)&,G9CﬁO{>']}9Cﬁﬃ,h&ﬂV&1)&':3
9ﬀﬀ,ﬂL:9I1ﬃrV79ﬀ&':9Cﬁﬃ,7ﬂLEB9ﬀ,ﬂ&DFﬁ),ﬂﬀﬁ-PR1ﬃpV79ﬀ&'79ﬀﬁﬃ,t7ﬂI,R&R9ﬀﬀ,ﬂ7k
 R4kSR

g mV&'71K?9ﬀV&=V79ﬀ&':9C&R=M ^N%,G9Cﬀ,G9[1ﬃ7ﬂ[ﬁ #V&(&,G9CﬂgW(EF&ﬂ[HV:9C7'79C7ﬀﬂ7k
 zL{>W(ER4kWRlE(V&ﬂ(&,G9CH,RbP mV&'&1ﬃ?9CV7~pRV79C7'79ﬀ&gM ^N8,G9[1)&ﬂzﬁ)&ﬀﬂ|'&,ﬂA9CﬁO9C>,G9ﬀﬂ
ﬂﬀ,G9lE(V&ﬂﬀ7,G9CV&ﬂIE1ﬃRﬂH&,V79Cﬁﬃ1
,ﬂL1KpﬂﬀRﬁ)9CvR'70'SB>EﬁO9Cﬀ?k
VjU
=BEﬁ)9ﬀﬀ R4k ^0V79ﬀ&'79ﬀ&+M ^v
 _0V:9C7'79C7+M _Nt(V&EF,4stus4ﬁﬃW7,'&7ﬂlﬂ(ﬁ)?,G9ﬀ&ﬂ

,R8Wﬀ,0?'&'&7ER9S?,'&WV&%2V:9Cﬀﬁ)-.p

E#RH1ﬃ&ﬂLE>?(9Cﬁ)'&1)&ﬂM'SBﬀWV7&ﬂ
8◦ < θ < 140◦
T 'SB>%r"Rﬀ&ﬂIpV&(ﬁ):9lﬂﬀ'&ﬁ),G9Cﬁﬃ1)1K?9ﬀ&(ﬂS\

E#RH1ﬃ&ﬂLE>?(9Cﬁ)'&1)&ﬂM,R&R9ﬀﬀ&ﬂ
8◦ < θ < 45◦
T ']1)ﬀﬁ)%2q:9Cﬀ7ﬂS\

,R8(&1K}9Cﬁ)&%&,G9H"F,,0(V&ﬂﬀ1ﬃR9ﬀﬁﬃ,

&,ﬁﬃ%E1ﬃﬂ(ﬁﬃ,
0.5 ≤ δp
p
≤ 2%

&,,W1)&ﬂv
1 ≤ δθ ≤ 1.5 %C?
D 2 ≤ δφ ≤ 3 %C?

&,t9C&%Eﬂ0
100 ≤ δt ≤ 250 Eﬂ

&,V&,7ﬀWﬁ)vERB9C, δE
E
∼ 10%√
E(GeV )

,R8"F,,0ﬁ)&,G9CﬁO{>']}9Cﬁﬃ,<79lﬂﬀV7E>ﬀ?9Cﬁ),t&ﬂlE>A9Cﬁﬃ'71ﬃ7ﬂN

pi
 

 EF
p ≤ 1, 5 /0    '

pi
 
EtE#
p ≤ 3 /v    '

pi
 
e ≤ 10−3

,Rb?'&-.ﬁﬃﬂ(ﬁ)9ﬀﬁﬃ,NR[,,V7&ﬂ_C?Eﬁﬃ=&9mjPEﬁﬃ-.7%27,.9&DxE#
,g1)%2ﬁ),ﬂ(ﬁ)9CV
L ∼ 1034 '7% −2 ﬂ −1
1)N9S4sJ
 !V:V7,&%&,G9Cﬂ+'&-.ﬁ)ﬂL&ﬂ(9I ∼ P DW[p lnk
	 

Â§[½ ©° ± ° © ¯e¶¥ª Łe§Ã¥³z ¦©¨
 _2V79ﬀ&':9C&RM ^vEFﬂﬀﬂ(q&<ﬂ(ﬁOs"F"ﬁﬃ,R&ﬂaﬂ(Eﬀ'&,R'79ﬀﬀﬁ)'&&ﬂp-.ﬁ~ﬂﬀ,.9rE1K'7V&7ﬂaﬂ(jP%V79ﬀﬀﬁO3
-.&%&,G9p?R9CRRQ1Y !}s4
y
ﬁ)ﬂﬀ'7]
D_'7%2%1ﬃ%2,.9ﬀﬀ1KJ{>W(RPkWVRkz [ Z&,ﬂ(&%r"1)Q'&7ﬂ
"#"ﬁﬃ,7ﬂH'&,Rﬂ(9CﬁO9C1)ﬀﬂ=,?ﬁﬃ%2,G9M9C( 1
 Z&,GPﬁﬃ(, [% 01ﬃ,W:9[r% RRﬁK%q79ﬀﬀk
 _J'SB%2E$%2W,V:9Cﬁﬃ-.29C( >?1MWV&,RV&ﬀVtE>?p'&&ﬂﬂﬀﬁ sh"F"ﬁ),&ﬂpV:Pﬁﬃt1ﬃ7ﬂr9CCx(&'79ﬀﬁﬃ(&ﬂp7ﬂ
E>A9Cﬁﬃ'71ﬃ7ﬂI'SBﬀWV7&ﬂ7k^iN,EF&R9N1ﬃ(ﬂIRV79C7ﬀ%ﬁﬃ,7+1)&ﬂ+ﬁ)%2ER1ﬃﬂ(ﬁﬃ,ﬂHRr'&7ﬂN&(,ﬁﬃq7ﬀ7ﬂNQE>?(9Cﬁ)IR
1Kp'&ﬀ"RﬀaRa1ﬃ7ﬀﬂL9Cﬀ (&':9Cﬁ)ﬀ7ﬂ&kF[,ﬁ)ﬂﬀEFﬂC,G9IV&WG?1ﬃ&%&,G9I1ﬃ&RﬀﬂL9C&%Eﬂl81YD>%&ﬂ(ﬀV7ﬂ
]&'1ﬃ7ﬂLﬂﬀ'&ﬁ),G9Cﬁﬃ1)1K?9ﬀ&(ﬂM09C7%2EﬂL01YD>ﬁﬃ1&ﬂ(9+1)ﬀﬂHEFﬂﬀﬂ(ﬁﬃ"1)v
 Z&,RV&ﬁ)ﬀ1ﬃ7ﬂl%2ﬂ(ﬂﬀ&ﬂl0'&7ﬂ
E>A9Cﬁﬃ'71ﬃ7ﬂ&D4'&-PRﬁ^E#7ﬀ%79L1ﬃ7& $
" &	
ﬁ>k
 zJ9Cﬀ (&':9Cﬁ)ﬀ
 Z,2E>(9ﬀﬁﬃ'71ﬃp'SB>?ﬀWV7Q-.ﬁg,E>ﬂﬀﬂ(QE>?ﬂ9ﬀﬀEEﬀq7ﬂa7ﬂa"F"ﬁ),&ﬂ2TU1ﬃJ 
1ﬃp'SB>?%2E%2W,V:9Cﬁﬃ-.p, !7ﬂ(9E>ﬂ0E(&%&,G99CC?,ﬂ(&ﬀﬂﬀ1 \N7ﬂ(9E1K?,k^[,
 !R9C(&ﬂ09C7ﬀ%&ﬂ&D,
E#7R9bﬁﬃ(I7,QE(&%ﬁﬃq&(+?EEﬀ]s4ﬁﬃ%2?9ﬀﬁﬃ,p-.I1ﬃl'SB>%EQ%2W,V:9Cﬁﬃ-.l,lV7Pﬁ)+E>ﬂ~1ﬃ7ﬂbE(9ﬀﬁﬃ'&R1ﬃ&ﬂ
>,ﬂ01)ER1K,9Cﬀ,ﬂA&(ﬂC1b
y
ﬁﬃﬂ('&&T ﬁﬃ1, ZjtE>ﬂV7Pﬁﬃ?9Cﬁ),n&ﬁ)%rR9CB1ﬃ]\:k_=7'&ﬁ
y
'&ﬁ)1ﬃﬁO9C
'&,RﬂﬀﬁﬃRV&C?"1ﬃ7%27,.9L1ﬃrﬀ7'&,ﬂA9C('79ﬀﬁﬃ,v9Cﬀ (&':9Cﬁ)ﬀk
 g Zﬁﬃ,G9ﬀ&,ﬂ(ﬁ)9CVQ	'&ﬀ,G91)ﬁﬃ%&,G9S,G9a1ﬃ&ﬂa"#"Rﬁﬃ,7ﬂrE#7R9o79ﬀﬀ<(V&W1)V&JQ%Q,Rﬁﬃq&(J (ﬂA9C7
1Y Zﬁﬃ,G9C7,ﬂﬀﬁO9CV8'SB>%E
D
790EN'&,ﬂﬀV7-PR&,G9r"49C&,RﬁﬃN,Rp'&("(pE1ﬃﬂv%ﬁ),ﬂ+ﬁ)%2EF(9C,G9C
TU'779Lﬁ)%Q?,.9~9CﬀY>1#aV79ﬀVv'&,7JE#
y
,':9Cﬁ),,7MVjU
f
8'7&EF&,,G9L1Y Zﬁﬃ,G9C7,ﬂﬀﬁO9CV+Rﬂﬀ71ﬃ1ﬃ
&ﬂA9L1ﬃﬁﬃ%ﬁ)9ﬀV&+MV&VQj[av\uk> _r?1ﬃ&RM'SB>%E%2W,RV79Cﬁ)-.NR9ﬀﬁﬃ1ﬃﬁ)ﬂﬀV7vt'&RﬀﬂL
 Z,0:s4EFV&ﬀﬁ)&,'7
&ﬂA9p'SBﬁ)ﬂﬀﬁﬃQ&,
y
,':9Cﬁ),7ﬂpﬁﬃ%E1ﬃﬂ(ﬁﬃ,RﬂR&ﬂpE>A9Cﬁ)'&1)&ﬂr-.<1c !,7R9V79ﬀ&':9C&7kg[,h#79]D
E1ﬃRﬂ8Wﬀ,2ﬁﬃ%E1)ﬂﬀﬁﬃ,
D
,'SBRﬁﬃﬂ(ﬁﬃC,'SB>?%2E%QW,V79ﬀﬁﬃ-.E1ﬃﬂ8ﬁﬃ%E#(9S?,.98?{,
 Z"R9C7,ﬁﬃ
,HE1)ﬂgWC?,HV:4ﬁﬃ?9Cﬁ),pL1K+9ﬀC (7'79ﬀﬁﬃ(HH1KvE>A9Cﬁ)'&1)M79g,'L,L%27ﬁﬃ1)1ﬃ&Rﬀ=(V&ﬂ(1ﬃR9ﬀﬁﬃ,
VjX
*+&4s4ﬁ)q&%E(9ﬀﬁﬃrw [ !'&'7V&1ﬃV7C?9ﬀ&IMg;= $:9I1)vV79ﬀ&':9C&RNM ^vJ8#&(ﬂﬀ, _"
 +R4kZV

gQ7ﬂa"F"ﬁ),&ﬂ8ﬂﬀEﬀ'&,':9Cﬀﬁ)'&7ﬂrJM ^NWV&,RV&C?,.9a1ﬃ'SB>%E%2W,V:9Cﬁﬃ-.
9C( 1Yk
&,ﬁﬃ%E1ﬃﬂ(ﬁﬃ,k[,WV&,V7C1cD^1ﬃ&ﬂE>A9Cﬁ)'&1)&ﬂ0'SB>(WV&7ﬂ8,V7WG?9ﬀﬁ)7%27,G9aﬂ(,G9aV:PﬁﬃV&7ﬂ8&ﬀﬂ81Y !]?,.9
tV79ﬀ&':9C&RaTUﬁﬃ,Rﬂﬀﬁ1)&ﬂHV71ﬃ&':9C(,ﬂHﬂﬀ,.9lﬁ)ﬀﬁ)WV&ﬂ~&(ﬂL1Krn&,0
 `?'&'&7ER9S?,'&07ﬂl'7%ER9C7ﬀﬂ =u3
ﬀ7,xh:9p&ﬂ'&1ﬃ(ﬁﬃ%q79ﬀﬀ&ﬂV&1)&':9Cﬀ%QW,V79ﬀﬁﬃ-.&ﬂC\:k=&EF&,>?,.9&D[ﬁﬃ1b&ﬂ(9EFﬂ(ﬂﬀﬁﬃ"R1ﬃ<
 Zﬁﬃ,G&ﬀﬂ(&1K
E#1K(ﬁ)9CVI'SB>%E%2W,RV79Cﬁ)-.v&,'SB>,W],G9I1ﬃvﬂﬀ7,ﬂl'7ﬀ,G9l1ﬃﬁ)%27,.9C,G9H1ﬃ7ﬂH"#"ﬁﬃ,7ﬂ&k
 z'&,R{>Wﬀ?9Cﬁ),8'7&ﬂI"#"Rﬁﬃ,7ﬂI(V&EF,?"F&ﬂﬀﬁﬃ,
 !R,'SB>%E%2W,RV79Cﬁ)-.0ﬁﬃ%E#A9S,G9
>,ﬂl1Kpﬁ)ﬀ7'79Cﬁ),x?,G9I79I-.ﬁ_ﬁﬃ%ﬁﬃ,.v
 Zﬁﬃ,G9ﬀ&,ﬂ(ﬁ)9CV8]7'a1ﬃ7ﬂIWC,Rﬂ+,RW1ﬃ7ﬂlEF1ﬃﬁﬃ(&ﬂ&DR79IV&WG}3
1ﬃ7%27,.9a'7&1)ﬁbRQEFRﬁﬃWGﬀR&,<(V&Wﬁ),ﬂﬀ,ﬂr'SB%2E%Q?W,V79ﬀﬁﬃ-.2R9ﬀaRQ1Kt'&ﬁ)"1ﬃ
TU'7<-.ﬁ=7ﬂ(9p7ﬂﬀﬂﬀ7,G9Cﬁﬃ71M>,Rﬂa1ﬃ2']ﬂa 1Y Z,49Cﬁﬃ1)ﬁﬃﬂ(R,<'&ﬁ)"1ﬃ2E#1K(ﬁﬃﬂﬀV7x\ukX[,hﬁ:9]D]&'J'&:9ﬀ9ﬀ
'&,4{>Wﬀ?9Cﬁ),
D1)I'SB>?%2E2%QW,V79ﬀﬁﬃ-.L1ﬃLE1)ﬂbﬁ),G9C&,Rﬂﬀl-PR+1Y Z"R9ﬀﬁﬃ7,.9+T &,GPﬁﬃﬀ,mRvX7ﬂﬀ1K\gﬂ(Iﬂ(ﬁ)9CR
4s,W1)&ﬂax?,G9T E#:9CﬁO9Cﬂr?,W1ﬃ7ﬂrEF1Kﬁ)ﬀ7ﬂS\:D_1ﬃ h1)&ﬂaﬁ)%2ER1ﬃﬂ(ﬁﬃ,ﬂ7ﬂpE>(9ﬀﬁﬃ'71ﬃ7ﬂrV:9C7'79C7
ﬂﬀ,G9H1)&ﬂbE1ﬃﬂbWC?,&ﬂ7DR:9H1Y Zﬁﬃ,G9C7,ﬂﬀﬁO9CVlJ'SB>%EJV7'&ﬀﬃ9H?
y
=:9La%&ﬂ(ﬀN-.+1Y Z,<ﬂﬀ+ﬁﬃ(ﬁﬃW
7ﬀﬂl1ﬃ&ﬂHWC,RﬂI?,W1ﬃ7ﬂHE#1Kﬁ)ﬀ&ﬂ7DR1ﬃr 1)&ﬂHﬁ)%2ER1ﬃﬂﬀﬁ),ﬂb&ﬂlE>A9Cﬁﬃ'71ﬃ7ﬂHﬂﬀ,G9lE1)ﬂ
y
ﬁﬃ"R1ﬃ&ﬂ7k
 g Zﬁﬃ,R'&,GV7,ﬁﬃ7,G9%Q (7rJ'779(9CJ'&,R{>Wﬀ?9Cﬁ),7ﬂ(91K'&ERﬀJ7,
φ
Tc,RW1ﬃJ?n&ﬁﬃ%aR9CB>?1 \
>,ﬂv1c `?'&'&7ER9S?,'&?D^ﬁﬃ,Rﬁ)9CaE>v1K<ERﬀV&ﬂ(&,'72R&ﬂ0"#"ﬁﬃ,7ﬂ&k^ [ Z&ﬂ(E>'&pEBﬂﬀ7ﬂE(9ﬀﬁﬃ'&R1ﬃ&ﬂ
V79ﬀ&':9S"1)&ﬂLﬂﬀv9ﬀﬀR8'7,ﬂ(ﬁﬃV7C"1)&%&,G9Lﬁ)%2ﬁ),PRVN'&%%v,tE#7R9l1ﬃNﬁﬃHﬂﬀRl1ﬃa{>W(?R4kZYRk
 _7ﬂ~9ﬀC (7'79ﬀﬁﬃ(&ﬂ~&ﬂbE>(9ﬀﬁﬃ'71ﬃ7ﬂ~'SBﬀWV7&ﬂMRV7PﬁﬃV7&ﬂ=Eb1)L'SB>%EQ%2W,V:9Cﬁﬃ-.H9ﬀﬀY>1>ﬂ(,G9
V79ﬀ&(%2ﬁ),V&7ﬂL1c `ﬁ)N7ﬂL'SB>%r"(&ﬂIpV&(ﬁ)0-.ﬁ^,.9l%2ﬁﬃ,G9ﬀ&,>,G9Lo:9Cﬀ0V7'&(ﬁ)9C7ﬂ&k
Y 
=BEﬁ)9ﬀﬀ R4k ^0V79ﬀ&'79ﬀ&+M ^v
+piφ
0 50 100 150 200 250 300 350
+
piθ
0
20
40
60
80
100
120
140
 KR4kZY

H'&'7&ER9C,'7T
θ
D
φ
\QM ^vE#J1ﬃ7ﬂ
pi+
T 
 !Eﬀq7ﬂR&ﬂt,,RV&&ﬂﬀV7&1)1ﬃ&ﬂC\:kH ^7ﬂ
ﬁﬃﬂ('&,G9ﬀﬁﬃ,.ﬁ)9ﬀV&ﬂHR&ﬂI1ﬃrEﬀV7ﬂﬀ7,'&8&ﬂL"F"ﬁﬃ,R&ﬂLﬂﬀ,G9l'&1ﬃﬁﬃ(&%&,G9MPﬁﬃﬂ(ﬁﬃ"1)&ﬂ7k
	 
	
Â§9® ½ ©° Åe³l§9®  ¦¶³lª ¿À§
 _7ﬂ0'SB>%r"(&ﬂJV&(ﬁ)   VR

V79ﬀ&'79ﬀ&aM ^vEF&ﬀ%79(9C7,.91ﬃ<V79ﬀ&ﬀ%ﬁﬃ,?9Cﬁ),7ﬂ09ﬀC}3
(&':9Cﬁ)ﬀ&ﬂ~7ﬂME>A9Cﬁﬃ'71ﬃ7ﬂb'SBﬀWV7&ﬂM-.ﬁFﬂﬀ,.9MV7PﬁﬃV7&ﬂMﬂ(ﬂb1Y Z#79MR<'SB>%EQ%2W,V:9Cﬁ)-PRIWV7,V&(V
E>p1)&ﬂp"F"ﬁﬃ,R&ﬂpﬂﬀREC'7,R'79C(ﬁﬃ'7&ﬂ&k~ ^&ﬂﬁ)%2ER1ﬃﬂﬀﬁ),ﬂt'&7ﬂ2E>?(9Cﬁ)'&1)&ﬂr'SBﬀWV7&ﬂﬂﬀ,G91)ﬀﬂ
"R9ﬀ&,.&ﬂIpE>A9Cﬁﬃ=01Kp'&Rﬀ"(001ﬃ&RﬀﬂH9Cﬀ (&':9Cﬁ)ﬀ&ﬂ7k
 _vRV79C7'79ﬀ&IM ^v<'&%2EF(9ﬀ~VrﬀV7Wﬁﬃ,ﬂHv'SB>%a"ﬀ7ﬂLRV&ﬀﬁO?DﬂﬀﬁO9CV7&ﬂla9C(ﬁﬃﬂMEFﬂ(ﬁ)9Cﬁ),ﬂ
CRﬁK1)&ﬂpﬁ V7ﬀ&,G9ﬀ&ﬂ&DgEF'SB>'7,ﬂﬀ7ﬂQﬂﬀﬁ s	ﬂﬀ7'79ﬀ&(ﬂ<ﬁﬃ,RV&EF&,>?,.9ﬀﬂ&k~ ^,R%r"(9ﬀ9S1HR
'SB>%r"Rﬀ&ﬂaV7ﬀﬁOﬂﬀQ%,G9C21)ﬀﬂ8
P
URkz zEﬀ7%2ﬁ)q&(2(V&Wﬁ),TU
P
\vﬂ(Qﬂ(ﬁ)9CR< Q'7% RQ1K
'&ﬁ)"1ﬃ?D>,ﬂb,ln&,R+ 1ﬃl'SB>%E2%2W,RV79Cﬁ)-.L&ﬂ(9
y
ﬁﬃ"R1ﬃk v,G9M01K0&PsRﬁ)q&%I(V&Wﬁ),Tc R\:D
&1)1ﬃvﬂﬀ9C(R8&,G9C(a1)&ﬂL"#"ﬁﬃ,7ﬂ+ R% 1K'&ﬁ)"1ﬃ?D>1K  1ﬃ'SB>%E%2W,V:9Cﬁﬃ-.07ﬂ(9Iﬁﬃ,G9C7,ﬂﬀ?k
9M&,4{>,
D1ﬃ89C(ﬁﬃﬂ(ﬁﬃq&%LﬀV7Wﬁﬃ,TcKVG\~7ﬂ(9L1ﬃP']?1ﬃﬁﬃﬂ(V&l_Yr%q79ﬀﬀ&ﬂ=N1K8'&ﬁﬃ"R1ﬃDPP3m71Ka7ﬂM"F"ﬁﬃ,R&ﬂ&k
 _7ﬂaWﬀ,ﬂ8&ﬂ(E>'&7%27,G9Cﬂp&,G9ﬀﬀ<1)&ﬂ?VﬀV7Wﬁﬃ,Rﬂ8EF&(%2:9ﬀ9C7,G9r2%27ﬂﬀ(&a1)&ﬂ8V7PﬁK}9Cﬁﬃ,ﬂ8R
E>A9Cﬁﬃ'71ﬃ7ﬂﬂﬀ,WC?,ﬁﬃﬂA9S,'7Dg'&-.ﬁl&ﬂ(92,V7'&&ﬂ(ﬂCﬁ)ﬀE#R21)&ﬂE>A9Cﬁﬃ'71ﬃ7ﬂWC,R
ﬁﬃ%E1)ﬂﬀﬁﬃ,Q-.ﬁ^ﬂﬀ,.9LEF&V:4ﬁ)V&7ﬂ&kw ^&ﬂL'SB>%a"ﬀ7ﬂIpV7ﬀﬁOv'&RPﬀ&,G9I,t%2ﬁﬃ,Rv,WR1Kﬁ)ﬀ+7,
θ
Tc,RW1ﬃvEF1K?ﬁﬃﬀ]\~'7%2ERﬀﬁﬃﬂH7,G9Cﬀ
8◦
79
142◦
k
=B>-.'SB>%r"(tRV&ﬀﬁOJ,
y
(%2pﬂ7 `ERE>ﬀ7,G9S,G9atR,-.>A9Cﬁ)&v
 ZC?,WD'&%%2
1ﬃ%2,.9ﬀﬀ1Kp{>W(R4kW[4DF79+ﬂﬀa'7%E#ﬂ(a8E1ﬃRﬂﬀﬁﬃ7ﬀﬂl'&'SB&ﬂvR8{>1)ﬂ+ﬀ7WﬀE#V7&ﬂI&, R ﬀ 
	 
 ﬁ   ﬀ:k| ^&ﬂp{>1ﬃﬂat1KE(&%ﬁﬃq&(%ﬀ 
	  ﬁ  tﬂ(,G9ﬀﬁ)&,G9CV7ﬂR
y
&,$o79ﬀﬀJE>?C1)1ﬃq&1)&ﬂa
'SB>%Et%QW,V79ﬀﬁﬃ-.TUﬂ(ﬁ)9ME#7ﬀEF&,ﬁ)'&1ﬃﬁﬃ(&%&,G9LtE1ﬃ,t0'&Rﬀ"(0&ﬂLE>A9Cﬁ)'&1)&ﬂS\uDR9S?,ﬁﬃﬂ
-.M'&74spRM1Klﬂﬀ&'7, ﬀ 
	ﬀ ﬁ  =ﬂﬀ,.9gﬀﬁﬃ7,G9CV&ﬂ|]&'HR,,W1)=
f ◦ E>|ﬀEEF(9+'&74spR
1KEﬀ7%2ﬁ)q&ﬀ?kﬂl, ﬀ 
	  ﬁ  v(&E(V&ﬂ(&,G9C
f
'&'SB&ﬂLI{>1ﬃﬂ7DR:s4'7&ER9ﬀV1ﬃaﬂﬀ7'&,R ﬀ 
	ﬀ ﬁ  
a1ﬃQE(&%ﬁﬃq&(8(V&Wﬁ),	TU
P
\H-.ﬁ|, !7,'7%Eﬀ7,-._YJ<'&ﬂ(rr'7,G9CC?ﬁﬃ,G9C7ﬂN
 Z&ﬂﬀE'&?k^ _
{>W( R4k
f
%,G9CﬀL1)&ﬂ Rﬀ 
	ﬀ ﬁ   ﬀll1KN9ﬀﬀﬁ)ﬂﬀﬁﬃq7%2H(V&Wﬁ),TcKVG\&ﬂ~'SB>%a"ﬀ7ﬂ=V&(ﬁ)aTU,
Y
P
*+&4s4ﬁ)q&%E(9ﬀﬁﬃrw [ !'&'7V&1ﬃV7C?9ﬀ&IMg;= $:9I1)vV79ﬀ&':9C&RNM ^vJ8#&(ﬂﬀ, _"
 R4kS[

gH
 Z,L'SB>?%r"ﬀlvV7ﬀﬁ)LIM _NT ﬂﬀ'SBV7%Qv'7ﬀ(&ﬂﬀEF,,G9Mv,H(V&Wﬁ),
 Z,
ﬂﬀ7'79C7l8M _N\:k
EF&ﬀ7ﬁ)901)2"F(V79ﬀ&':9C&R=&(&,? &,B>R9aRﬀﬁO9C1K<{>W(x\ukiN,ﬁﬃﬂA9Cﬁﬃ,RW1ﬃ7ﬂ
'&71ﬃ1ﬃR1ﬃ&ﬂ=B:sRW,>1ﬃ7ﬂL'&,ﬂA9CﬁO9C>,G9l'SB>'7,&ﬂl'&'SB&ﬂl0{>1ﬃﬂ7kw=B>-.'&71ﬃ1)1ﬃN7ﬂ(9IV&1)ﬁﬃ%ﬁ)9ﬀV&
E>[7ﬂ[{>1ﬃﬂ[H'SB%2ETUﬂ(ﬁ)9ﬀV&ﬂgPs
f
'&ﬁ),ﬂ[L'SB>-.LBus?W,]\[:9~EﬀV7ﬂﬀ&,G9ﬀI7,2ﬂ(,'&&,G9ﬀﬀl,
{>1X'79ﬀﬁ
y
TU,R,ﬀ7EﬀV7ﬂﬀ7,.9ﬀVﬂﬀN1ﬃ{>Wﬀ]\I'SB>(WVr8'&1)1ﬃ&':9C7+1ﬃ8ﬂﬀﬁ)W,>1z Ps?9ﬀ%&ﬂ+ﬁ),ﬁ)ﬂﬀV&ﬂ
E>[1)ME>ﬂ(ﬂCWL
 Z,lE>A9Cﬁ)'&1)k _vﬁ)ﬂ(9S?,'&H%xj&,R,I7,G9CﬀL1)&ﬂ{>1)ﬂ[L'SB>%E:9~1ﬃ&ﬂ{1ﬃﬂg':9Cﬁ
y
ﬂ
&ﬂA9N&,GPﬁﬃ(,R RDWQ'7% EFl1KE(&%ﬁﬃq&(0ﬀV&Wﬁﬃ,Tc
P
\:D>
P
DW['&% EFl1K&PsRﬁ)q&%<TUAR\L:9
?Rr'&% EFH1ﬃp9ﬀﬀﬁ)ﬂﬀﬁ)q&%pTcKVG\uk> ^,R%r"(09ﬀ9S?1
v{>1ﬃﬂL?'79Cﬁ
y
ﬂH&ﬂA9I !7,.Pﬁ)ﬀ, V[ Rk
 _l%V&1K?,WLWGn7&4s2R9ﬀﬁﬃ1ﬃﬁ)ﬂﬀVH>?,ﬂ=1)&ﬂ~'SB>%r"(&ﬂb&ﬂ(9='&%EFﬂﬀVl
 !ﬀW,< X
%
79b+Rﬁﬃ]sPj4R
+'&ﬀ"F,+
P

%
k4 [ !V7E>ﬁﬃﬂ(ﬂﬀ7MI%Q?9ﬀﬁﬃq7ﬀl&ﬂM'SB%r"(&ﬂHaRV&ﬀﬁON,R+V7E>ﬂﬀﬂ(vE>ﬂ
P
%

 !R,
1ﬃ,RW&RMCﬁﬃ?9Cﬁ),J?{,R(V&Rﬁﬃﬀ01ﬃrﬁ #ﬂﬀﬁ),t%r1O9CﬁﬃER1ﬃk
=B>-.r{>1|'79ﬀﬁ
y
&ﬂA90ﬀ71ﬃﬁﬃVaQ,L*v TUEF # 
 
'    ﬂ
	ﬁ 
	
 
	\:k# g Zﬁﬃ,
y
ﬀ%2?9Cﬁ),
&,9ﬀ&%EﬂaEF&(%2:9aRQV:9C&(%2ﬁ),&1KﬁﬃﬂA9S,R'&Q7,G9CﬀQ1KtE#ﬂ(ﬁ)9ﬀﬁﬃ,QEﬂﬀﬂﬀW<21KE>(9ﬀﬁﬃ'71ﬃ
'SB>(WV&79<1ﬃEFﬂﬀﬁO9Cﬁ),@R{>1I'79ﬀﬁ
y
kb=&'7ﬁ+EF&ﬀ%79<1ﬃﬀﬂ1Kﬀ&'7,ﬂA9CﬀR'79Cﬁ),7ﬂ29Cﬀ (&':9Cﬁ)ﬀ7ﬂ
&ﬂtE>?(9Cﬁ)'&1)&ﬂJ'SB>?ﬀWV7&ﬂxj,G9ﬁ),G9C&ﬀWﬁI>,ﬂ1ﬃ7ﬂJ'SB>%r"(&ﬂhV&(ﬁ)]7'R,(V&ﬂ(1ﬃR9ﬀﬁﬃ,
ﬂﬀEFV&(ﬁﬃ7ﬀaQ1Kﬁﬃ%&,ﬂ(ﬁﬃ,a1ﬃ2'7&1ﬃ1)1ﬃBus?W,>1)k# ^&ﬂ+(V&ﬂ(1ﬃR9ﬀﬁﬃ,RﬂN?9(9C&,R&ﬂ+'&,'7&(,>,G9
1Kﬀ&'7,ﬂA9CﬀR'79Cﬁ),a1Y Zﬁﬃ%E1ﬃﬂ(ﬁﬃ,t:9N7ﬂ0,W1)&ﬂ&Dw7,ﬁﬃ,'71ﬃ>,G9+1K2'7,G9C(ﬁﬃ"R9ﬀﬁﬃ,a1ﬃQﬁ ﬂ(ﬁﬃ,
%r1O9CﬁﬃER1ﬃDPEFH,0E>?(9Cﬁ)'&1)N'SB>(WV&
 Zﬁﬃ%E1)ﬂﬀﬁﬃ,<V&WG?1ﬃ0
P
/0 
 
'D>ﬂ(,G9I1)&ﬂLﬂﬀRﬁ)?,G9C7ﬂ

ﬁ)%2ER1ﬃﬂﬀﬁ), δp
p
≤ 0.5% D

,RW1ﬃvEF1K?ﬁﬃﬀ8
δθ ≤ 2 %C?
D

,RW1ﬃ0n7ﬁﬃ%r49CB>1X
δφ ≤ 2 %C?
k
YR
=BEﬁ)9ﬀﬀ R4k ^0V79ﬀ&'79ﬀ&+M ^v
 
 JR4k
f 
gpE(9ﬀﬁﬃ&1)1ﬃ8p1KQ9ﬀﬀﬁ)ﬂﬀﬁﬃq7%28ﬀV7Wﬁﬃ,$TU V\I&ﬂ0'SB>?%r"ﬀ7ﬂtRV&ﬀﬁOp%,G9Cﬀ,G9v1ﬃ7ﬂ
R ﬀ 
	  ﬁ   ﬀ:k4 _7ﬂM{>1ﬃﬂM'79ﬀﬁ
y
ﬂ=ﬂ(vﬂﬀﬁO9C7,.9HJ'&7,.9ﬀﬀ0N'SB'&,RR&ﬂH'&71ﬃ1)1ﬃ7ﬂ=Bus?W,>1)&ﬂM-.ﬁ
ﬂﬀ,G9[RV&1ﬃﬁ)%2ﬁO9CV7&ﬂ_E>1)&ﬂz{>1ﬃﬂRM'SB>%EtTUﬂ(ﬁ)9ﬀV&ﬂ[?4s
f
'7ﬁﬃ,Rﬂ|M'SB-.HB:sRW,x\uk.iN,rﬁ)ﬂ(9Cﬁ),W
1ﬃ7ﬂH'&&1)1ﬃ1)&ﬂMRV&'&1)&,'SBRV&&ﬂIE>L1ﬃvEﬂﬀﬂﬀW0
 Z,0E>A9Cﬁﬃ'71ﬃv'SBﬀWV7k
	  
Â§9® ®½¾ª¥ª­¨­¨©¥§9Ł'³® ¦e§T¥§9° ± ®`¦§¼¿À¨
jG,G9bV79ﬀ&ﬀ%ﬁﬃ,RVH1ﬃ&ﬂgﬁ)%2ER1ﬃﬂﬀﬁ),ﬂR&ﬂgE>A9Cﬁﬃ'71ﬃ7ﬂg'SB>ﬀWV&&ﬂbvE>A9Cﬁﬃ[RI1ﬃN'&("(IL1)&(ﬂ
9Cﬀ (&':9Cﬁ)ﬀ&ﬂl>,RﬂI1)&ﬂl'SB>%r"(&ﬂvV7ﬀﬁ)a'7,,>ﬁ)ﬂﬀﬂﬀ,G9N1K']?(9C'SB%2E%Q?W,V79ﬀﬁﬃ-.?D>ﬁﬃ1_&ﬂA9
,V&'7&ﬂ(ﬂCﬁ)ﬀvv%&ﬂ(ﬀ7H1ﬃ&Rﬀﬂ=9ﬀ&%EﬂMN1^?{>,J !"49C&,RﬁﬃM1)&(ﬂH%Qﬂ(ﬂﬀ7ﬂ&D'7v-PRﬁ
E#7ﬀ%79HRN1ﬃ7ﬂ
ﬁﬃ7,G9Cﬁ){&&k
*N,ﬂN1)aV:9C7'79C7M ^v#D1K2%&ﬂ(ﬀa9C7%2Eﬂ+a1|7ﬂvE>(9ﬀﬁﬃ'71ﬃ7ﬂ+ﬂ& Z#&':9C<1c `?ﬁﬃ
tﬂﬀ'7ﬁﬃ,G9Cﬁ)1ﬃ1K}9C&RﬀﬂpE1ﬃﬂ(9ﬀﬁﬃ-.&ﬂ   VjV

ﬂ(ﬁ)9CRV&ﬂ&,G9C(1ﬃ7ﬂV79ﬀ&'79ﬀ&(ﬂ"=7ﬀ&,Rx:9Q1)&ﬂ']?1ﬃ(ﬁﬃ%q79C(&ﬂ
V&1)&'79ﬀﬀ%2W,RV79Cﬁ)-.&ﬂ7k|=B'&,	7ﬂrﬂﬀﬁ sﬂﬀ&':9C7ﬀﬂphRV79C7'79ﬀ&M ^v7ﬂ(9pV7-.ﬁﬃEFVQm[jQﬂﬀ'7ﬁﬃ,43
9Cﬁ)1ﬃ1K}9C&Rﬀﬂ=(V&E>?(9Cﬁ)ﬂHﬂﬀEYE1ﬃ,ﬂ&kw _r{>WRﬀ?R4kWQp%,G9C(v1Kr%2,ﬁ)q&ﬀvR,G9Iﬁ)1ﬃﬂMﬂ(,G9lﬁﬃﬂ(E#ﬂ(V&ﬂ7k
 g Z&,Rﬂﬀ&%a"1ﬃ00'&7ﬂIﬂ('&ﬁ),.9ﬀﬁﬃ1)1K?9ﬀ&(ﬂM'&44(8R,0ﬂﬀ
y
'&09C9C1ﬃ+_R
f
% 2 D>'&RPﬀ,G9+,?3
%Q?ﬁﬃ,t,RW1K?ﬁﬃﬀQ&,
θ
TU,W1)EF1ﬃﬁﬃ(x\8'7%2ERﬀﬁﬃﬂp7,G9Cﬀ
8◦
79
142◦
792EC}9Cﬁﬃ-.7%27,G99ﬀR91ﬃ
%2ﬁﬃ,R+&,
φ
TU,W1)Nn7ﬁﬃ%r49CB>1K\:kR=B>'7,tv'&7ﬂlﬂ('&ﬁ),.9ﬀﬁﬃ1)1K?9ﬀ&(ﬂ=ﬀ7'79C,W1ﬃﬁﬃ(&ﬂbEﬀV7ﬂﬀ&,G9ﬀ8,R
V&E>?ﬁﬃﬂﬀﬂ(&vR [PD jUJ'7% EF&ﬀ%79(9S,G9PsE>A9Cﬁﬃ'71ﬃ7ﬂv%ﬁﬃ,ﬁ)%r% 
 Zﬁﬃ,ﬁ)ﬂC?9ﬀﬁﬃ,WV&,RV&ﬀ70,
ﬂﬀﬁ)W,>1ﬁ)&,G9ﬀﬁ){w"R1ﬃrE>?vCEEFA9"RﬀﬁO90
y
,
k_ _J1K(W&Rv&ﬂ0ﬂﬀ'7ﬁﬃ,G9Cﬁ)1ﬃ1ﬃ?9C7ﬀﬂNER1K'7V&ﬂ4s
,W1)&ﬂ[]?,G9IT
θ < 45◦
\X7ﬂ(9~
P
[+'7%D}9S,Rﬁﬃﬂ-.L'7&1ﬃ1)=7ﬂ~R9C(&ﬂlT ﬂﬀﬁ)9ﬀV&ﬂg?4s,RW1ﬃ7ﬂ
θ > 45◦
\
&ﬂA9IR R&Rp'7%k zp1),W7H7ﬂIﬂ('&ﬁﬃ,G9ﬀﬁﬃ1ﬃ1ﬃ?9C7ﬀﬂ~?ﬀﬁ)vﬂﬀ&1),
θ
&,G9C( VRr'7% 79KY[r'7%k
 _7ﬂ_ﬂﬀ'&ﬁ),G9Cﬁﬃ1)1K?9ﬀ&(ﬂﬂ(,G9X'7,ﬂA9Cﬁ)9ﬀV&ﬂ_
 Z,E1K?ﬂ(9Cﬁ)-.[ﬂﬀ'7ﬁﬃ,G9Cﬁ)1ﬃ1K?,.9&D71)g;=ﬁﬃ'7ﬀ,;H~3 Y jURk& _L1)&':9C(
YV
*+&4s4ﬁ)q&%E(9ﬀﬁﬃrw [ !'&'7V&1ﬃV7C?9ﬀ&IMg;= $:9I1)vV79ﬀ&':9C&RNM ^vJ8#&(ﬂﬀ, _"
Beam
 jR4kWQ

g=RrWﬀE#~bﬂﬀ'&ﬁ),G9Cﬁﬃ1)1K?9ﬀ&(ﬂ_b9ﬀ&%EﬂXRb14V7-PRﬁﬃE>,G9|'SB>'&R,p&ﬂXﬂﬀﬁOsﬂ(&':9C&Rﬀﬂ
tV79ﬀ&':9C&RNM ^vFk
p1Y Zﬁﬃ,
y
ﬀ%2?9Cﬁ),ﬂ7 !ﬁ7'79ﬀQJ1c `ﬁ)r74sEB?9C%rR1)9Cﬁ)E1ﬃﬁ)']?9ﬀ&(ﬂ&Dw,J'SB>-.:sP9C(V&%ﬁ)9CV
ﬂﬀ'&ﬁ),G9Cﬁﬃ1)1K?9ﬀ&7k ^09C&%EﬂL01_7ﬂ(9+1ﬃ(ﬂH"R9ﬀ&,.E>?l1ﬃp%2xj7,,8&ﬂL9C7%2EﬂL%&ﬂ(ﬀV7ﬂ+E>
'SB>-.IL*v+DR'7I-.ﬁF,,R+,9C&%Eﬂbﬁﬃ,V7E#7,>,G9b+1ﬃEFﬂ(ﬁ)9Cﬁ),QEFﬁ),.9b
 Zﬁﬃ,G9C7C':9Cﬁ),2R
1KrE>?(9Cﬁ)'&1)N1ﬃv1),Wtﬂﬀ'7ﬁﬃ,G9Cﬁ)1ﬃ1ﬃ?9C7&k
 zﬀV7ﬂﬀ1)R9Cﬁ),t&,t9C7%2EﬂlEF&R9I?9(9C&ﬁ),(
P
RpEﬂIEFL1)&ﬂl,W1)&ﬂl]?,G9]D9S?,ﬁﬃﬂL-.
 Z&1)1ﬃ0&ﬂA9

 Z&,GPﬁﬃﬀ,sRj[ERﬂEF1)&ﬂ,W1ﬃ&ﬂ(ﬀﬁ)q&ﬀT
θ ≥ 90◦ \ukg _1),WR&7ﬂﬂ('&ﬁ),.9ﬀﬁﬃ1)1K?9ﬀ&(ﬂpW?3
%27,G9CN]&'
θ
D4'7N-.ﬁ7,.9ﬀCﬃ,l,NV7WC?>?9Cﬁ),QR+1KﬀV7ﬂﬀ1)R9Cﬁ),
kPe|b:s4&%E1)DP1K8(V&ﬂ(1ﬃR9ﬀﬁﬃ,
&,t9C7%2EﬂH%xj7,,E#RH1ﬃ&ﬂLV71ﬃ&':9C(,ﬂL&ﬂA9I7,G4ﬁ)ﬀ,
Pf
VrERﬂ&k
 zV:9C&(%2ﬁ),>?9ﬀﬁﬃ,J9C7%2EﬂL01z !,R8E>?(9Cﬁ)'&1)v'SB>(WV&E#7ﬀ%79lﬂﬀ,ﬁﬃR&,G9CﬁO{>']?9ﬀﬁﬃ,
1KN1),W7glﬂCv9CCx(&'79ﬀﬁﬃ(L%27ﬂﬀ(V&lE>g1ﬃ7ﬂ~'SB%r"(&ﬂbV7ﬀﬁOLﬁ)Pﬁ)ﬂﬀV&LE>?~1)H9C&%EﬂgL1
y
(,ﬁE>g1)&ﬂ[ﬂﬀ'7ﬁﬃ,G9Cﬁ)1ﬃ1ﬃ?9C7ﬀﬂR,,l1K+Pﬁ)9ﬀ&ﬂ(ﬂﬀlI1ﬃNE>A9Cﬁﬃ'71ﬃ?k.=79(9CLﬁﬃ,
y
ﬀ%2?9Cﬁ),
D}'&%a"ﬁﬃ,V7l
1Y Zﬁﬃ%E1)ﬂﬀﬁﬃ,+ﬀ7'&,Rﬂ(9C(ﬁ)9ﬀ~lE>?(9Cﬁ)
~1KM'7ﬀ"Rﬀ~g1KM9Cﬀ (&':9Cﬁ)ﬀ[>?,ﬂX1)['SB>%E8%2W,RV79Cﬁ)-.D
E#7ﬀ%79l1KpV:9C7ﬀ%ﬁﬃ,>?9ﬀﬁﬃ,JR81ﬃ%2ﬂ(ﬂﬀk>_7'a1ﬃ(V&ﬂﬀ1ﬃR9ﬀﬁﬃ,t&,t9C7%2ERﬂI%&,G9Cﬁ),,V70EﬀV7'&V&R&%p3
%27,G9]D ,E#7R9ﬁ)ﬂﬀ'7ﬀﬁﬃ%ﬁﬃ,R&
1)&ﬂzEﬁﬃ,RﬂX7ﬂX},ﬂ>(Rﬂﬀ-.
 !+&ﬂXﬁﬃ%E1)ﬂﬀﬁﬃ,ﬂ^~1Y Zﬀ(g Rl/0 
 
'k
 _ﬀﬂﬀ-.1c !V7,&(WﬁﬃV&EFﬂ(V&E><R,E>A9Cﬁ)'&1)>,RﬂJ1ﬃ&ﬂQﬂﬀ'&ﬁ),G9Cﬁﬃ1)1K?9ﬀ&(ﬂ27ﬂ(9tﬂ(E#V7ﬀﬁ)&(
,'&&A9Sﬁ),ﬂ(&ﬁ)1YD>'7&4s.3m'7ﬁ
y
ﬀ,ﬁ)ﬂﬀﬂ(&,G9+R,ﬂ(ﬁﬃW,>?1_ﬂAjPﬂ(9Cq7%28V&'71ﬃ&,R'SB&%&,G9NRV:9C&':9C7
M ^v#kzeXaﬁ7'79CR&a'779(9C29ﬀ'SB2
y
?&,GT']'7Dz,'7ﬁﬃﬀ'7ﬁ)9V71ﬃ&':9C(,ﬁﬃ-.ﬂﬀ'SB>(WQR
9Cﬀﬁ)9ﬀ&1ﬃ&ﬂaﬁﬃ,
y
(%Q}9Cﬁﬃ,ﬂvEﬀx&,>,G97ﬂpﬂﬀ'7ﬁﬃ,G9Cﬁ)1ﬃ1K}9C&Rﬀﬂ&k ﬂl,hﬂﬀ'SBV7%QQ'&<'7ﬁﬃﬀ'7ﬁ)9a&ﬂA9pﬀ7EﬀVu3
ﬂﬀ7,.9ﬀVpﬂﬀ+1K{WﬀR4kWU4k
=r'7ﬁﬃ('&ﬁO9NV&1)&':9Cﬀ,ﬁﬃ-.8']1)'&1)a1K%2xj&,,pR&ﬂNﬂ(ﬁﬃW,>?4sERﬀx7,>,G9
&ﬂlEB?9C%rR1)9Cﬁ)E1ﬃﬁ)']?9ﬀ&(ﬂMﬂﬀﬁO9CV7ﬂ+?4s&PsusP9CﬀV7%2ﬁO9CV7ﬂIﬂﬀ'7ﬁﬃ,G9Cﬁ)1ﬃ1K}9C&RH?{>,
 !"R9C7,ﬁﬃL,ﬂﬀﬁO3
W,>1^-.ﬁ^ﬂ(ﬁ)9lﬁ),V&EF&,R>,G9+R1ﬃpE#ﬂ(ﬁ)9ﬀﬁﬃ,tE#ﬁﬃ,G9l
 !ﬁ),G9C&ﬀ'79ﬀﬁﬃ,t1)1),Wﬂﬀ'7ﬁﬃ,G9Cﬁ)1ﬃ1K}9C&R&kRdm1
V7WG1)&%&,G9E#R8 1ﬃ?D^1ﬃ(ﬂﬀ-.
 Z,QE(9ﬀﬁﬃ'&R1ﬃ]jG,G9a,29ﬀC (7'79ﬀﬁﬃ('7("#V729Cﬀ]&(ﬂﬀ2&4s
ﬂﬀ'7ﬁﬃ,G9Cﬁ)1ﬃ1K}9C&Rﬀﬂ}ﬀ'7&,G9Cﬂ7D
 !ﬁO9Cﬁ),,7a1ﬃ7ﬂaV7,&(Wﬁﬃ7ﬂrV&EFﬂ(V&&ﬂ>?,ﬂr1ﬃ7ﬂa74shﬂ('&ﬁ),.9ﬀﬁﬃ1)1K?9ﬀ&(ﬂ&k
*+Q'779(9C<%2,ﬁ)q&ﬀ?D_,"R9ﬀﬁﬃ7,.9a,J?%2E1)ﬁ)9ﬀ<ﬂ(ﬁﬃW,>?1~ERﬀEF(9ﬀﬁﬃ,R,&1)1ﬃ1c !V7,&(Wﬁﬃ9C9C1ﬃ
YjY
=BEﬁ)9ﬀﬀ R4k ^0V79ﬀ&'79ﬀ&+M ^v
V&EFﬂ(V&0E>L1KrE(9ﬀﬁﬃ'&R1ﬃDR-PRﬁ^E#7R9I1ﬃ(ﬂMo79ﬀﬀ0V7?1)V&0E>?HCEEFA9lﬂ(&ﬁ)1
V:{>,ﬁYk
Threshold
"Doubles"
To board for
adjacent channels
From board for
adjacent channels
"Triples"
Outputs to trigger
Disc
D1R
D1L
D2R
D2L
D3R
D3L
D4R
D4L
D15R
D15L
D16R
D16L
OR1+2
3+4
3+4
14+15
15+16
15+16
16+17
4+5
1+2
2+3
2+3
OR
OR
OR
OR
OR
One
shot
One
shot
One
shot
One
shot
One
shot
One
shot
Disc
Disc
Disc
Disc
Disc
Enable to 
discriminatorDelay
Delay
Delay
Delay
Delay
Delay
Width

Σ
Σ
Σ
Σ
Σ
Σ
 tR4kZU

4'SBV&%2%P1ﬃ+0EﬀV7V&'71ﬃ&,R'SB&%&,G9NR&ﬂLﬂﬀ'7ﬁﬃ,G9Cﬁ)1ﬃ1K}9C&RﬀﬂMv9ﬀ&%EﬂLv1ck
*N,ﬂg'&7(9Cﬁﬃ,ﬂ|']ﬂ7DG1ﬃ=9ﬀ&%Eﬂ[M1&ﬂgE>?(9Cﬁ)'&1)&ﬂ%&ﬂ(ﬀVLE>?1ﬃ7ﬂ[ﬂﬀ'&ﬁ),G9Cﬁﬃ1)1K?9ﬀ&(ﬂ|7ﬂ(9gR9ﬀﬁﬃ1ﬃﬁ)ﬂﬀV
E#QV:9C7ﬀ%ﬁﬃ,7Q1ﬃ7QV7,&(Wﬁﬃ?kH=7'&ﬁN'7,'&7ﬀ,,R9S%%&,G9Q1)&ﬂ<n7,7ﬂJV79ﬀ&':9C&RM _N
,,$'&4&A9C7ﬂQE>1)&ﬂp']?1ﬃ(ﬁﬃ%q79C(&ﬂpV71ﬃ&':9C(%Q?W,V79ﬀﬁﬃ-.7ﬂT
θ > 45◦
\:kg*+%2o7%2?D1ﬃﬀﬂﬀ-.1K
ﬀV7ﬂﬀ1)R9Cﬁ),tﬂﬀl1KV79ﬀ&(%2ﬁ),>?9Cﬁ),t1Y Zﬁﬃ%E1ﬃﬂ(ﬁﬃ,QE>l1ﬃ&ﬂL'SB>?%r"ﬀ7ﬂNV&(ﬁ)&ﬂA9N%2ﬁ),V&0E>
1KQRﬁ #ﬂﬀﬁ),%r1O9CﬁﬃER1ﬃDw1)&ﬂvﬂﬀ'7ﬁﬃ,G9Cﬁ)1ﬃ1ﬃ?9C7ﬀﬂIE#7R7,.9
y
Rﬀ,ﬁ)N,%&ﬂﬀRﬀpp1c !V7,&(Wﬁﬃp]&'E1ﬃRﬂ
+ERﬀV&'7ﬁﬃﬂ(ﬁﬃ,
k4 ^ﬀﬂ(-.N7ﬂM,&49Cﬀ,ﬂMﬂﬀ,.9=V79ﬀ&':9CV&ﬂHE=1)&ﬂ=ﬂ('&ﬁ),.9ﬀﬁﬃ1)1K?9ﬀ&(ﬂ&DG"ﬁ)&,<-.N1c ! T']'7ﬁ)9CV
ﬂﬀﬁO9
y
ﬁ)"1ﬃT ∼ [ \:D>1Kr%&ﬂ(ﬀ01ﬃ7M9C7%2ERﬂHv1^EF&(%2:9IRRV79C7ﬀ%ﬁﬃ,7H1ﬃ7HV&,7ﬀWﬁ)k
	 
Â§9® ½¾¯° ±e¥§9Ł'³® 
	
*N,ﬂb1ﬃ&ﬂb:s4EFV&ﬀﬁ)&,'7&ﬂMR+ﬁ ﬂ(ﬁﬃ,
 ZV&1)&'79ﬀﬀ,Rﬂ&DP1ﬃ&ﬂbEﬁﬃ,ﬂb-.ﬁFﬂﬀ,.9=Eﬀﬁ)ﬂbEFb&ﬂbV&1)&'79ﬀﬀ,Rﬂ
ﬁﬃ,Rﬁﬃﬂ(&,G9z,a"(ﬁ)9z
y
,ﬁﬃ%E#(9S?,.9&kx ^bRV79C7'79ﬀ&M _N8EFﬂﬀﬂ(q&b&ﬂX'&%ER9C7ﬀﬂ =&(&,?x
 ZVHY

EF&(%2:9ﬀ9C,G9r
 Zﬁﬃ7,G9Cﬁ){&a1)&ﬂrV71ﬃ7'79C(,ﬂr:9pE>8'&,RﬂﬀV&-.7,G92R<ﬀV7ﬁﬃ(Q1ﬃ'&,G9C%2ﬁ),>?9ﬀﬁﬃ,
&ﬂ=Eﬁﬃ,Rﬂ&kR=&ﬂMV:9C7'79C7ﬀﬂ =7ﬀ&,Rx<ﬂ(,G9HﬂﬀﬁO9CV7ﬂH4s<,W1)&ﬂ=x?,G9&D47,.9ﬀﬀv1ﬃ9C(ﬁﬃﬂ(ﬁﬃq7%2LﬀV7Wﬁﬃ,
&ﬂI'SB>%r"Rﬀ&ﬂ+2V7ﬀﬁOr:9+1)&ﬂlﬂﬀ'&ﬁ),G9Cﬁﬃ1)1K?9ﬀ&(ﬂL89ﬀ&%EﬂIR81Ykwdm1ﬃﬂIE>(9ﬀﬁﬃ'7ﬁﬃEF&,G9IﬂAj4ﬂA9Cq7%2rR
V&'71ﬃ7,'SB&%&,G9I01Y !'&-.ﬁ)ﬂﬀﬁO9Cﬁﬃ,
k
=B>'&R,Q7ﬂ~ﬂ(ﬁOsﬂ(&':9C&Rﬀﬂ=R2V:9C7'79C7=M _N'7%E#A9CEV
f
'7%2E49C&Rﬀﬂ =&ﬀ7,xﬀV7E>A9Cﬁﬃﬂ
&,
P
U(V&Wﬁ),ﬂ&,
θ
TU,W1)JE#1Kﬁ)ﬀx\uD'&RPC,G92,%Qﬁ),t,W1Kﬁ)ﬀJ7,
θ
'&%E(ﬁﬃﬂp&,G9ﬀﬀ
8◦
:9
45◦
k=B>'7,pa'&&ﬂv(V&Wﬁ),ﬂI&,
θ
7ﬂ(90?1ﬃ(ﬂ+'&,ﬂ(9ﬀﬁ)9CRV&r8&Ps'&%2ER9ﬀ&(ﬂ =&(&,?x
Y[
*+&4s4ﬁ)q&%E(9ﬀﬁﬃrw [ !'&'7V&1ﬃV7C?9ﬀ&IMg;= $:9I1)vV79ﬀ&':9C&RNM ^vJ8#&(ﬂﬀ, _"
  hR4kZX

gQ&ﬂp'7%2E49C&Rﬀﬂ=7ﬀ&,RxhV&-.ﬁ)E>,G9p'SB>?'&,	7ﬂrﬂﬀﬁ sﬂ(&'79ﬀ&(ﬂphV:9C&':9C7
M ^v#kFiN,tﬁﬃﬂA9Cﬁ),Wv1)&ﬂ
P
UpﬀV7Wﬁﬃ,RﬂH&,
θ
k
EE>?Cﬁ)ﬂﬀﬂC?,.9[9ﬀ&1)ﬂb74s%4R1ﬃ&ﬂ[ﬂAjP%2V:9Cﬀﬁ)-.&ﬂ~E>gC?EE#(9bE1K,"ﬁ)ﬂﬀﬂ(&'79ﬀ&bﬂﬀ&':9C7&k4 ^
,%r"Rﬀa9ﬀ9S1|p'&%ER9ﬀ&(ﬂ =7ﬀ7,xE(V&ﬂﬀ7,G9Cﬂ>,ﬂ01ﬃaV79ﬀ&'79ﬀ&aM ^vﬂﬀp%,G9Cﬁ),ﬂﬀﬁ
R
Pf
k4 _8{>WRﬀ R4kZXaﬀ7EﬀV7ﬂﬀ7,.9ﬀ01ﬃ&ﬂ='&%ER9C7ﬀﬂ =&ﬀ7,xtV7-PRﬁﬃE>,G9H'SB'&,t7ﬂHﬂﬀﬁ s<ﬂ(&'79ﬀ&(ﬂL
V79ﬀ&':9C&R0M ^v#k=B>-.p'7%2E49C&RI7ﬂ(9v'7,ﬂ(9ﬀﬁ)9ﬀVa9C(ﬁﬃﬂl%2ﬁ)ﬀﬁ)ﬀﬂLﬀV >V&'SBRﬁﬃﬂﬀﬂﬀ,G9v1K1ﬃ%ﬁﬃq7ﬀ
=&(&,? TU,h%ﬁﬃ(ﬁﬃv71ﬃ1)ﬁﬃER9ﬀﬁﬃ-.D^R,h%2ﬁ)ﬀﬁ)vB.jPEF&("#1)ﬁﬃ-.?DX:9r,h%ﬁﬃ(ﬁﬃv':j41)ﬁﬃ,Rﬀﬁﬃ-.]\:Dz
 Z,
',Rvv'&1)1ﬃ7'79Cﬁ),<v1)%ﬁﬃq&(pT V&WG1)&%&,G9lEEF&1)VN',v ﬁﬃ,ﬂA9C,>\b79L
 Z,EB9ﬀ%r1O9Cﬁ)E1ﬃﬁ 3
']?9ﬀ&7kF _7ﬂ+'7%2E49C&Rﬀﬂ =7ﬀ7,x'7RPﬀ7,G9NE(&ﬂﬀ-.r9ﬀR9I1ﬃ0%2ﬁ),,W1ﬃﬁﬃ(0&,
φ
Tc?,W1ﬃ
n&ﬁ)%rR9ﬀB>1 \uDx1ﬃ7ﬂ',R&ﬂ[H'71ﬃ1)&'79ﬀﬁﬃ,8M1)%2ﬁ)q&(b:9g1ﬃ&ﬂXEB9ﬀ%r1O9Cﬁ)E1ﬃﬁ)']?9ﬀ&(ﬂzV:9S,G9gE1ﬃ'&V7ﬂ>,Rﬂ
1ﬃ7ﬂHn&,7ﬂI7,
φ
'&'SBV7&ﬂlE>L1ﬃ7ﬂH"#"Rﬁﬃ,7ﬂlﬂ(Eﬀ'&,R'79ﬀﬀﬁ)'&&ﬂ7k
 _gE(ﬁﬃ,'7ﬁﬃEF[a'7%ER9C7 =&ﬀ7,xﬀ7E#ﬂﬀ~ﬂﬀz1Y ZV&%ﬁﬃﬂ(ﬂﬀﬁﬃ,vgEB9ﬀ,ﬂ=TU1ﬃR%2ﬁ)q&ﬀ =&ﬀ7,xR\
E>L,E>A9Cﬁ)'&1)'SBﬀWV7a>?,ﬂI1)0']ﬂl 
Dw>,RﬂI,%2ﬁ)1ﬃﬁ)&J,R,VDFﬂCpPﬁ)9C7ﬂﬀﬂ(a&ﬂA9Nﬂ(E#V7ﬀﬁ)&(
'&71ﬃ1ﬃ2J1K1ﬃ%ﬁﬃq7ﬀQ,ﬂr'7J%2ﬁ)1ﬃﬁﬃ7
kz ^&ﬂp'&%2ER9ﬀ&(ﬂ$=&(&,? 	V79ﬀ&'79ﬀ&2M ^vﬂ(,G9
ﬀ7%2E1)ﬁﬃﬂL
 Z,WGn?D#1)8EF&  >("R9C,
C4F10
DF
 !ﬁ),ﬁ)'&rﬀV
y
C':9Cﬁ),
n  
P
D  
P
[&V21)V&Wq7ﬀ7%27,.9
ﬂﬀEFV&(ﬁﬃ7v<'&71ﬃﬁ|p1Y !ﬁﬃ7kF zQ{WﬀMRPk
P
2ﬁﬃ1ﬃ1)ﬂ(9ﬀﬀ81K29ﬀC (7'79Cﬁﬃﬀ89mj4ERﬁﬃ-.pp1ﬃQ1ﬃ%ﬁﬃq7ﬀ8Eﬀ?3
ﬁO9CE>aR,hV&1ﬃ7'79ﬀﬀ,,ﬂa1)Q'7%2E49C&R =&(&,?x#k[iv,ﬁO9r-.<1ﬃ1ﬃR%2ﬁ)q&ﬀE(4Rﬁ)9ﬀQE>
1Y ZV&1)&'79ﬀﬀ,1)ﬀﬂ0ﬂCJ9Cﬀx&(ﬂﬀV&Q%ﬁﬃ1)ﬁﬃ&WGn&74s&ﬂA9a(V  >V7'SBﬁﬃE>1ﬃ7ﬂRﬁ #V&ﬀ7,G9Cﬂ%2ﬁ)ﬀﬁ)ﬀﬂN:9
{>,ﬁO9ME>=o79C(N'&1ﬃ1ﬃ7'79ﬀV&NE>?M1ﬃI',vR ﬁﬃ,ﬂA9C,t?-.&1
7ﬂ(9Lﬀ?9ﬀ9C'SBVN1)NEB9ﬀ%r1O9Cﬁ)E1ﬃﬁ)']?9ﬀ&7k
 _7ﬂM'&%2ER9ﬀ&(ﬂ =7ﬀ&,Rx
y
(,ﬁﬃﬂ(ﬂﬀ7,.9M,<ﬂﬀﬁ)W,>1FJﬂAjPﬂ(9Cq7%2+NV7'&1ﬃ7,'SB7%27,.9MJV79ﬀ&'u3
9C7rM ^N1ﬃ(ﬂ0Q1ﬃV:9C7'79Cﬁ), !,V&1ﬃ7'79ﬀﬀ,
kzez'SB>-.<(V&Wﬁ),7,
θ
D_1)&ﬂﬂﬀﬁﬃW,>4s7ﬂ
EB9ﬀ%r1O9Cﬁ)E1ﬃﬁ)']?9ﬀ&(ﬂR&ﬂ&Ps	'&%ER9ﬀ&(ﬂpﬂﬀ,G9Rﬁ)9Cﬁ),,V7ﬂ&k|egRﬁﬃﬂ&D|1ﬃ&ﬂpﬂ(ﬁﬃW,4shRJ-P?9C(
Y
f
=BEﬁ)9ﬀﬀ R4k ^0V79ﬀ&'79ﬀ&+M ^v
^cone de
Winston
,
magnetique
blindage
cone de^
Winston
mirroir
cylindrique
,
magnetique
blindage
,
trajectoire electron 
mirroir hyperbolique
mirroir elliptique mirroir elliptique
PM PM
mirroir hyperbolique
cylindrique
mirroir
radiation
Cerenkov
au secteur
plan bissecteur
  ER4k
P


4'SBV&%2hﬀ7EﬀV7ﬂﬀ&,G9C,G91c `(C,RW&%&,G9<ER9Cﬁ)-PR
 !R,&ﬂ
P
Uh(V&Wﬁ),ﬂ<7,
θ
R
'&%ER9ﬀ&(ﬂ =&(&,?xhV&-.ﬁ)E>,G9r'SB>?'&,h7ﬂrﬂﬀﬁ sﬂ(&':9C&RﬀﬂpRV79C7'79ﬀ&M ^vFk=B>?'&,JR
'&7ﬂpﬀV&Wﬁﬃ,ﬂ8&ﬂA9'&,ﬂA9CﬁO9CV7JqR%2P1)&ﬂ8ﬂ(jP%2V:9C(ﬁﬃ-.&ﬂpErC?EE#(9p?hE1K,h"Rﬁﬃﬂﬀﬂ(&':9C&Rp
ﬂﬀ7'79C7&k
ﬀV7Wﬁﬃ,Rﬂlﬁﬃﬂ(ﬁﬃ,7ﬂ+ﬂﬀ,.9NﬁO9Cﬁ),,V7ﬂ&Dwa%2,ﬁ)q&(a'&a-.a&4sW(EF&ﬂIﬁﬃﬂ(ﬁﬃ,ﬂ7Dw'&%E#(9S?,.9
'SB>'7,-.>}9Cﬀ(V&Wﬁ),ﬂ&D^ERﬀV&ﬂ(&,G9C7,G9a74sﬀV7Wﬁﬃ,ﬂv&,'&%%r,k^[,ﬁ:9]D^1ﬃpERﬀ&%ﬁﬃ7vWﬀE#
'&,G9ﬀﬁﬃ&,G9g1)&ﬂ[ﬀV7Wﬁﬃ,ﬂ
P
YD1)H&4s4ﬁ)q&%H1ﬃ&ﬂ[(V&Wﬁ),ﬂhV0
f
D79~ﬁ),ﬂﬀﬁRHﬂﬀﬁO9CkG=B>'&R,27ﬂ
P
UvﬀV:3
Wﬁﬃ,ﬂIERﬀV&ﬂ(&,G9C1)ﬀﬂ UQW(EF&ﬂ7k
[,ﬁO9Cﬁ),,>,G9+ﬁﬃ,Rﬂﬀﬁz1ﬃ&ﬂIﬂﬀﬁ)W,>4sE( &,>?,.90RaE1)ﬂﬀﬁ)&(ﬂ
ﬀV7Wﬁﬃ,RﬂH8'7%ER9C7ﬀﬂ7D>,(V&'7E#q7ﬀ81Y Zﬁﬃ,
y
(%Q}9Cﬁﬃ,29C?9S1)v%2o7%2v1)ﬀﬂ(-PR1c !V71ﬃ7'79C(,tV&EFﬂ(a1K
1ﬃ%ﬁﬃq7ﬀ =&ﬀ7,x>,RﬂlER1ﬃﬂL
 Z,0ﬀV7Wﬁﬃ,
k>*+0E1)ﬂ&D>,t"49Cﬁﬃ7,G9L,0E1ﬃRﬂlWC,R0%2ER1ﬃﬁ)9ﬀ
lﬂﬀﬁﬃW,>1YD'&l-PRﬁFEF&(%2:9=RI'SBﬁﬃﬂﬀﬁ)g,Qﬂ(&ﬁ)1FRIV7'&1)&,'SB7%27,G9ME1)ﬂbV71ﬃ:Vl79bI(V&RﬁﬃﬀIﬁ),ﬂﬀﬁ
1ﬃN"RﬀﬁO9L
y
,
k
 g Zﬁﬃ,Rﬁﬃ'7R(V
y
C?'79Cﬁ),
C4F10
,EF&ﬀ%79E>?ﬂPsEﬁﬃ,Rﬂ !ﬁ)%2ER1ﬃﬂﬀﬁ),ﬁﬃ,
y
V&ﬀﬁ)&(
R4DW[/v 
 
'
 ZV&%79(9Cﬀ1Kt1ﬃ%ﬁﬃq7ﬀ$=7ﬀ&,RxFD|'&-.ﬁ~E#7ﬀ%79Q1)&ﬂ0ﬁ)ﬂﬀ'&(ﬁﬃ%ﬁﬃ,7v&ﬂ8V&1)&':3
9C(,ﬂ&kzeXa?ﬁﬃ1ﬃ1)&(ﬂ&D
'7Q%ﬁﬃ1)ﬁﬃ&Wn&74sE#7ﬀ%798,29ﬀﬀq7ﬂ8"F,,9Cﬀ,ﬂﬀ%ﬁﬃﬂ(ﬂﬀﬁ),R21ﬃ1)%2ﬁ)q&(k
 ^&ﬂQ'7%ER9C7ﬀﬂ =7ﬀ7,xEF&(%2:9ﬀ9C7,G9Jﬁ),ﬂﬀﬁl(6(79ﬀ&<1)&ﬂ2Eﬁﬃ,Rﬂ2
 Zﬁﬃ%E1)ﬂﬀﬁ),@ﬁ),
y
V&(ﬁﬃ7ﬀ
R4DW[r/0 
 
'kP+P3m71K8RN'&Nﬂ(&ﬁ)1YDP1KﬂﬀV&EC?9ﬀﬁﬃ,QEﬁﬃ,Rﬂ
 
V71ﬃ&':9C(,ﬂ=ﬂ7 !ﬁ7'79ﬀa1Y !ﬁﬃRI7ﬂM']?1ﬃ(ﬁO3
%2q:9C(&ﬂHV&1)&':9Cﬀ%QW,V79ﬀﬁﬃ-.&ﬂH-.ﬁ^,G9Io:9C(RV&'&(ﬁ)9ﬀﬂl,ﬂL1KrE>?(9Cﬁ)vﬂﬀﬁO?,G9Ck
	   
   
	          	 
 
ﬀﬂﬁﬃﬂﬂﬁ !#"%$'&)(*+,ﬁ%ﬂ-.!#/102#+ /43*576189":/1;<ﬂﬁ " +6=ﬂﬁ " 89;%57>9?ﬀﬂﬁﬃ/=-.!#+  A@CB
ED
!#?FG57?ﬀ+
IHG57-.!#+ Jﬁﬃﬂ!#"KMLN61+O+:89?CﬁP+:/=ﬁﬃ!ﬀ+Q57!R3S57?#>96=+Q5UT75V?.ﬁ
DCW
!ﬀ+:ﬁﬃ#":" /=<" X61ﬂ+O+:/1?Cﬁ /161615Vﬁﬃﬂ!#" +ﬀﬁﬃﬂ;%0ﬀ+
#YT9876ZK'!ﬀ" +[\89?#Jﬁﬃ/187?#+0#" /=?#/=0G576=+]+:89?Cﬁ^6_5`#JﬁﬃJﬁﬃ/=89?aﬀ+^6=ﬂﬁ " 89?ﬀ+cbdﬂﬁe615`" 
W
ﬂﬂﬁ /189?f#ﬂ+
0#/187?#+Ig
D
6_5h#ﬂﬁ ﬂﬁ /189?i#+%0#H#87ﬁ 89?#+Ybd>9"	7kjl6157-.!#6=6102!ﬀﬁm+nAﬂoMﬂﬁ !#"m6_5p" ﬂ89?#+,ﬁﬃ":!#ﬂﬁ /189?qﬀ
;%ﬂ+ 89?ﬀ+r?#ﬂ!ﬀﬁﬃ":+#ﬂ" 87/1+ + 57?Cﬁ?esX0#H#87ﬁ 89?#+
D
ﬁﬃﬂ61+t-u!ﬀ)61+
pi0
Jﬁ61ﬂ+
η
g
D
ﬂﬁ615#JﬁﬃJﬁﬃ/=89?]#ﬂ+?#ﬂ!Rv
ﬁﬃ":89?#+K2wO0#61!ﬀ+
D
ﬁﬃ89!RﬁOﬂ89;%;61ﬂ+Qﬂ89;%0Rﬁﬃ!ﬀ" +Oxr" ﬂ?#y78zT*bdﬂﬁQ61ﬂ+Q+:/=?.ﬁ /16=6_5Vﬁ !#":+Ig
D
/=61+0G5V":ﬁﬃ/=/=0Mﬂ?.ﬁ
{.|
wO!R3R/=<;X0#57":ﬁ /1   n 57ﬂ61ﬂ"ﬃ5Vﬁ !#"Q$r& JﬁQ6=)#ﬂﬁ Jﬁﬃ!ﬀ"P$'&)(#	7ﬂoM":+ 89?k5

57!^#ﬂ61ﬂ?#IH#;?CﬁQ/1?#ﬀ!#/=ﬁ0#57"61+ﬂ61ﬂﬂﬁﬃ":89?#+ﬂK
  9sRK

!# ﬂ615Vﬁﬃﬂ  nA!#? ﬀ+ +:/ 3X576189":/1;<ﬂﬁ " +'ﬂ61ﬂﬂﬁﬃ":89;%57>9?#Jﬁﬃ/1-.!#ﬂ+
ﬀ! #JﬁﬃJﬁﬃﬂ!#" $'&)(MK
wO [\89" ;ﬁ " /157?#>9!#6157/1":
D
IHG57ﬂ!#?h#+)+:/ 3YU576=89" /=;%<Jﬁﬃ" ﬂ+Qﬂ61ﬂﬂﬁﬃ":89;%57>9?#Jﬁﬃ/1-.!#ﬂ+P87!ﬀTu"  !#?h#8Vv
;m5V/1?#O57?#>9!#6157/1":P?
θ
bE5V?#>961O0M896157/1":zg 89;0#" /=+?Cﬁ " 
8◦
ﬂﬁ
45◦
KGwO)ﬁu0M + 57?# /=IH
D
IH#57-.!#
U576=89" /=;%<Jﬁﬃ": 87;%0289":ﬁ  @ﬀ89!ﬀIH#+
D
IH#57!#?ﬀ%# ﬂ+X89!#IHﬀ+XﬂﬁI5V?.ﬁXﬂ89?#+:ﬁ /=ﬁ !#  nA!#?#89!ﬀIH#
# + /=?Cﬁﬃ/16=6_5Vﬁ !#":+ 0#6_5V+:ﬁﬃ/=-.!#+57+:+ 8u/1ﬂOjX!#?# 0#6_5V-u!ﬀQ# 0#6=89;
 K.5ﬁG>9!#":PsRK /16=61!#+,ﬁﬃ" 615)89?ﬁRv
>9!#" 5Vﬁﬃ/=89? nA!#?k576187" /1;<ﬂﬁ " VKﬀ nA0G57/=+ +:!#" nA!#?#X89!ﬀIH##+ /=?Cﬁﬃ/16=6_5Vﬁ !#":++,ﬁ #ﬂXﬂ;
D
ﬂﬁ ﬂ6161
 nA!#?#h0#6_5V-u!ﬀp#h0#6189;ﬃ
q#ls
D
s*;;eK n ﬂ0G57/=+ + ﬂ!#"ﬁﬃ87ﬁﬃ5761S#! U576=89" /=;%<Jﬁﬃ" k" ﬂ0#" ﬂ+ ?Cﬁ  576=89" +
 Q6=89?#>9!ﬀ!#":+ #" 57#/15Vﬁﬃ/=89? K $rHG57-.!#r89!#IHﬀ#r+:/1?Cﬁ /161615Vﬁﬃﬂ!#" ++:#/=Tu/=+ rﬂ? @!
#57?##ﬂ+ #/1+:0M87+ ﬂ+
0G57" 57616=<61ﬂ;%ﬂ?Cﬁ jO!#? #"Vﬁﬃ#!ﬁﬃ" /157?#>96= ﬂﬁ ?.!#;":87ﬁﬃﬂ+ #jP@ﬀKV n 87" /1ﬂ?CﬁI5Vﬁ /189?X#ﬂ+ @$
G57?##ﬂ+
#/=oM<": #
120◦
 n !#?ﬀ 89!#IHﬀ jm6Zn 57!ﬀﬁ " 7KM'+
#57?##ﬂ+)# + ﬂ/1?Cﬁﬃ/=61615Vﬁﬃﬂ!#" + #%ﬁ#?#/1+:+ ?CﬁX576=89" +ﬁﬃ":89/1+
89" /=?CﬁI5 ﬁﬃ/187?#+ 89!*Tu!#ﬂ+%#ﬂ?#89;;%ﬂ+
U
D
V
ﬂﬁ
W
D
89;0M87":ﬁI5V?.ﬁ IHG57!ﬀ?#&U@Y89!#IHﬀ+Kt$rHG5V!#?
#+ﬂ+X@+ ﬂ/1?Cﬁﬃ/=616_5 ﬁﬃ!ﬀ" +
D
87?#+:ﬁ /=ﬁﬃ!ﬀ # 0#6_57+,ﬁﬃ/=-u!ﬀ + /=?Cﬁﬃ/16=6_57?Cﬁr/1ﬂ" 89?'$
{
 s
D
ﬂ+:ﬁX89?ﬀ?#Jﬁﬃ%j
!#?#(ﬁ)
#" 890Rﬁﬃ/1-.!#rIHG57" >7#rﬁﬃ" 57?#+:0M89",ﬁﬃﬂ" 6_5O6=!#;/1<":r#r+ /=?Cﬁﬃ/16=6_5Vﬁ /189?T9ﬂ" + !#? 0#Hﬀ87ﬁﬃ89; !#6=ﬁ /10#6=/1U5 v
ﬁﬃﬂ!#"K7 5P6157" >7!#"
#+ +:/1?Cﬁ /161615Vﬁﬃﬂ!#" + +,ﬁ # *Pﬂ;
D
ﬂﬁ 6=!#"
6189?ﬀ>9!#!ﬀ" TV57" /=r?Cﬁ "  BOﬂ; Jﬁ
{
D
sO;kK
87" + -.! nA!#?#0G57",ﬁﬃ/1ﬂ!#61/=?.ﬁ " 57>9/=ﬁ 5UT7 6=U576=89" /=;%<Jﬁﬃ" 
D
61ﬂ+ﬁﬃ" 87/1+89" /=?CﬁI5 ﬁﬃ/187?#+89!eTu!#ﬂ+
U
D
V
ﬂﬁ
W
02":;%Jﬁ ﬁ ?CﬁP nA8
ﬀﬁ ?#/="O!#?ﬀ /1?ﬀ[\87" ;%5Vﬁﬃ/=89?ﬁﬃ" /4vN#/=" ﬂﬂﬁﬃ/=89?#?#ﬂ616=)# 615%618uU5V61/1+ 5Vﬁﬃ/=89?^#!Y#ﬂ0+"Vﬁ
 nA?#ﬂ" >9/=
D
ﬂ89;%;)6ZnA/16=61!#+,ﬁﬃ":O6_5ﬃﬁ#>9!#" sRK sRK
,
89!#"!#?# + ﬂ0G57" 5Vﬁﬃ/=89?%0ﬀ/189?#+
 
6=Jﬁﬃ" 87?#+ %-U57ﬂ
D
61U576=89" /=;%<Jﬁﬃ":+,ﬁr#/ Tu/1+ ﬂ?m#ﬂ!R3%0G57":ﬁ /1ﬂ+$ 
{/.
$rH#570#/=ﬁ " XsRKk'#ﬂﬁ ﬂﬁ !#"O$'&)(
  GsRK s
ﬂ
!ﬀP nA!#?U576=89" /=;%<Jﬁﬃ":Qﬂ61Jﬁﬃ":89;m5V>9?#ﬂﬁ /1-.!# #!#JﬁﬃJﬁﬃﬂ!#" $'&)(m;89?Cﬁﬃ"ﬃ5V?.ﬁr61Q0#" 8Vv
ﬁG6rﬁ "ﬃ57?#+,T9ﬂ" + e nA!#?#^>9ﬂ" 
261ﬂﬂﬁ " 89;%57>9?#Jﬁﬃ/=-u!ﬀ]#89?Cﬁ 6_5Y6=8R5761/=+ﬃ5Vﬁ /189?c+,ﬁ8
ﬀﬁﬃﬂ?.!#^>9"

ﬂ^57!R3
0#" 8
W
ﬂﬁ /189?ﬀ++ !#"61ﬂ+ @ Tu!#ﬂ+ b
U
D
V
D
W
gJK
6_5X0G57":ﬁ /1)5UTV57?Cﬁ89!	]b\89?Cﬁ ?G57?Cﬁ6=+ B 0ﬀ" ;/1<ﬂ" ﬂ+89!ﬀIH#+#!576189":/1;<ﬂﬁ " zg
D
ﬂﬁ615 0G57",ﬁﬃ/1
57" ":/1<ﬂ" 89!
	bdﬂ89?Cﬁﬃﬂ?G57?Cﬁr6=+s
{
#ﬂ" ?#/=<" ﬂ+tﬂ89!#IH#ﬂ+Ig KR'ﬂ+B)0#" ﬂ;%/=<":+ 87!#IH#+t# IHG57!ﬀ?#
#+ ﬁﬃ":89/1+ Tu!#ﬂ+
U
D
V
ﬂﬁ
W
+:89?Cﬁ576=89" + ﬂ89?Cﬁﬃﬂ?u!ﬀ+G57?ﬀ+t6150#57":ﬁ /1 
D
ﬂﬁt61ﬂ+
.
#ﬂ" ?#/=<" ﬂ+rG5V?#+
6_5 0G5V":ﬁﬃ/=	 K
,
89!#" !ﬀ?*?u!ﬀ;%ﬂ" 8p#+:/1?Cﬁ /161615Vﬁﬃﬂ!#"X#89?#?#cb ﬂv @CgXJﬁ !#?#]Tu!##87?#?#cb
U
D
V
89!
W
g
D
!#?
0#H#87ﬁ 89; !#6 ﬁﬃ/=0#61/=U5Vﬁ !#"ﬂ+:ﬁX57+:+ 8u/1 jmIHG57ﬂ!#?# #+)ﬀ!R3Y0G57":ﬁ /1ﬂ+
D
%Jﬁ	 K'$rH#57!#?h#ﬂ+
+ /43FU576=89" /=;%<Jﬁﬃ":+ 6=Jﬁﬃ" 87;m57>7?#ﬂﬁ /1-.!#+ ﬂ89;%0289",ﬁﬃe576187" +   @qb\+ ﬂ/1?Cﬁﬃ/=616_5 ﬁﬃ!ﬀ" + 89! 
G57?#ﬀ+Ig × @
b\Tu!#ﬂ+Ig × s bd0G57",ﬁﬃ/=+Ig   s )0#H#87ﬁ 89; !#6 ﬁﬃ/=0#61/=U5Vﬁ !#":+K &O! ﬁﬃ87ﬁﬃ576 D 89?%ﬀ?#89;ﬃ
#"   sﬀ0ﬀH#87ﬁﬃ87; !#6=ﬁ / v
0#61/=U5Vﬁ !#":+tJﬁ
.7{
s
{
+ ﬂ/1?Cﬁﬃ/=616_5 ﬁﬃ!ﬀ" + G57?#+r61+r+ / 3%576189":/1;<ﬂﬁ " +6=Jﬁﬃ" 87;m57>7?#ﬂﬁ /1-.!#+t#!#JﬁﬃJﬁﬃﬂ!#"
$'&)(MK
 nA!#?#k#+%[\89?#ﬂﬁ /189?ﬀ+%0#":/1?#ﬂ/10G5V61+ #ﬂ+]U5V6189":/1;<ﬂﬁﬃ":+ +,ﬁ]6En /=#?Cﬁﬃ/ﬁGU5 ﬁﬃ/187? Jﬁ]615l;+ !ﬀ" Sﬀ
6ZnA?#ﬂ" >9/= #+6=ﬂﬁ " 89?ﬀ+]b\0M89!ﬀ"
Ee > 0, 5 


g
D
-.!#/t02":;%JﬁX6_5^" 
W
ﬂﬂﬁ /189?c#+0#/187?#+K $rﬂ/
+nAﬂoMJﬁﬃ!#e? 89;0G57" 57?Cﬁ 6ZnA?#ﬂ" >9/=#0289+:eG57?#+ 61576187" /1;<ﬂﬁ " %0G57" 6_5p0G5V":ﬁﬃ/=!#6=5UT9ﬂk+:89?
/1;0#!#6=+ /187?l5761ﬂ!#61ﬂ^jY0G57":ﬁ /1"#6_5Yﬂ89!#" 
ﬀ!#" #+ 5Yﬁﬃ"ﬃ5
W
ﬂﬁ 89/1":]G57?ﬀ+ 61]IHG5V;%0F;%57>9?#Jﬁﬃ/1-.!#
ﬁﬃ89":8 #576
D
Jﬁﬂ>C5761ﬂ;%ﬂ?Cﬁrﬂ?]!ﬀﬁﬃ/=61/=+ﬃ57?Cﬁ6_5X+ 0#57"ﬃ5Vﬁ /189?%?Cﬁﬃ":O0G5V":ﬁﬃ/=+ )ﬂﬁ	 K ?]Jo Jﬁ
D
61ﬂ+
6=ﬂﬁ " 89?ﬀ+02":#?Cﬁ 0ﬀ"ﬃ5Vﬁ /1-.!#;?CﬁXﬁﬃ89!Rﬁﬃ61!ﬀ"ﬂ?#":>9/1G57?#+X6_5^0G57",ﬁﬃ/= ^5UT75V?.ﬁ#%0Mﬂ" #":
61 " ﬂ+:ﬁ ]G57?#+6_5^0G57",ﬁﬃ/1
	
D
ﬁI57?#ﬀ/1+X-u!ﬀm61ﬂ+0ﬀ/189?#+
D
0#57":ﬁ /1!ﬀ61+X57! ;%/=?#/1; !ﬀ;  nA/189?ﬀ/1+ﬃ5 ﬁﬃ/187?
D
0Mﬂ" #ﬂ?Cﬁ6=!#")ﬂ?#":>9/1 0ﬀ" 890289":ﬁ /189?ﬀ?#6=61;?CﬁPj^6En ﬂ0G57/=+ + ﬂ!#")# U5V6189":/1;<ﬂﬁﬃ":ﬁ "ﬃ5UT9ﬂ" + VK , 89!#")#ﬂ+
{
ﬀ
wO!R3R/=<;X0#57":ﬁ /1   n 57ﬂ61ﬂ"ﬃ5Vﬁ !#"Q$r& JﬁQ6=)#ﬂﬁ Jﬁﬃ!ﬀ"P$'&)(#	7ﬂoM":+ 89?k5

/1;0#!#6=+ /187?#+ +:!#0Mﬂ" /=!#":+jcs
D
B


  
cbd57!F#+:+ !#+#! + ﬂ!#/16xrﬂ" ﬂ?#y78zT #+ 0#/=89?#+ ;?Cﬁﬃ/=89?#?#
G57?#+)615m+ ﬂﬂﬁ /189?lsRK { g
D
6_5]#/=+ ﬂ" /1;/1?#5Vﬁﬃ/=89?k0ﬀ/189?#+
 
6=Jﬁﬃ" 87?#+P+nAﬂoMJﬁﬃ!#!#?#/=-.!#;?CﬁXj]6Zn 57/=# #ﬂ+
U576=89" /=;%<Jﬁﬃ":+rﬂ61ﬂﬂﬁﬃ":89;%57>9?#Jﬁﬃ/1-.!#ﬂ+K
$r+ ﬀ" ?ﬀ/1":+87?.ﬁXﬂ>C5761ﬂ;%ﬂ?Cﬁ0289!#"" "961 6_5#Jﬁﬃﬂﬂﬁﬃ/=89? ﬀ+X0#H#87ﬁ 89?#+Xﬂﬁ6_5;%ﬂ+ !#":%ﬀ%6=!#":+
?#ﬂ" >9/=+
D
-.!#/0Mﬂ" ;ﬂﬁ 6_5 ":87?#+:ﬁ " !#Jﬁﬃ/187?S#;+ 87?#+?#!ﬀﬁ " ﬂ+ ﬁ 61+-.!#X61ﬂ+
pi0
JﬁQ6=+
η
Tu/_5 6_5
;%ﬂ+ !#":)#+ 57?ﬀ>961ﬂ+ﬂﬁ#6ZnA?ﬀ" >7/1P#ﬂ+#!R30#H#87ﬁ 89?#+#)61ﬂ!#"#ﬂ" 87/1+ + 57?#ﬂ7K '+U5V6189":/1;<ﬂﬁﬃ":+
0Mﬂ" ;ﬂﬁ:ﬁﬃ?Cﬁ 57!ﬀ+ + /615 #ﬂﬁ ﬂﬁ /189?e#ﬂ+ ?ﬀ!ﬀﬁ " 89?#+Q5UT9ﬂ#ﬂ+%-U57ﬂ/=ﬁ +  n ﬂ?CTR/=" 89?SB*
%
K
ﬂ+U576=89" /=;%<Jﬁﬃ" ﬂ+ [\89!#":?#/1+:+ ?Cﬁ !#?X+ /=>9?G576C5V!+ R+,ﬁﬃ<ﬂ;%##ﬂ61?ﬀIH#;?Cﬁ
#!ﬀﬂﬁﬃﬂﬂﬁ !#" $&P(
6189":+tﬀ)6_5ﬀﬂﬁﬃﬂﬂﬁ /189? nA!#?ﬂ61Jﬁﬃ":89?
D
+:
G57+ 57?Cﬁ+ !#"r6ZnA?#ﬂ" >9/=Qﬁﬃ8VﬁI576=O#ﬂ0M89+:)0G5V"rﬂ61!#/4vNﬂ/ZK ,
89!ﬀ"
ﬂ6_5
D
6=+ + /=>9?G57!u3 #ﬂ+s 0ﬀH#87ﬁﬃ87; !#6=ﬁ /10#6=/15Vﬁﬃﬂ!#" +
#IHG57-.!# U576=89" /=;%<Jﬁﬃ" r+ 89?Cﬁt57##/ ﬁﬃ/=89?#?#ﬂ+ ﬂﬁ/16
0Mﬂ!ﬀﬁ ?k" +:!#6=ﬁ " #/=oM":?Cﬁﬃﬂ+Oﬂ89;
#/=?G57/1+:89?#+ G+:89;%;)ﬁﬃ87ﬁﬃ5761)ﬂ89" ":+:0M89?ﬀG57?Cﬁ)j 6ZnA?#ﬂ" >9/=)ﬁﬃ87ﬁﬃ5761
#0289+: 0G57")615m0G57",ﬁﬃ/=!#6=
D
+ 89;;%ﬂ+P0G57",ﬁﬃ/=616=+ bd0G57",ﬁﬃ/= 
D
0G57":ﬁ /1 	
D
+ 89;; #+PTu!#ﬂ+
U + V
D
V +W
D
ﬂﬁﬃUgJK25 " +:8961!Rﬁﬃ/187??e?#ﬂ" >9/= ∆E
E
+,ﬁO#6En 89":#" O# 10%√
E(GeV )
K
	   
 m    
r e 
   
Q?
		  ﬂ89" ":+:0M89?ﬀ^j6ZnA/1?Cﬁ "ﬃ5Vﬂﬁﬃ/=89?  nA!#?6=ﬂﬁ " 89?%#!m[d57/=+ ﬂU57!m5zT7P!ﬀ?]?.!#6=89?]ﬀ
6_5Oﬂ/ 
#6=7K787" + #IHG5V-u!ﬀQJT9?ﬀ;?Cﬁ
D
61ﬂ+ 0G57",ﬁﬃ/=!#6=+ #6En JﬁI5Vﬁﬁ#?G576#/=?.ﬁ " 57>9/1+:+ ﬂ?.ﬁ 5zT7 61ﬂ+ #/=oMJv
" ﬂ?.ﬁ +61ﬂ;%ﬂ?Cﬁﬃ+89?ﬀ+:ﬁﬃ/ ﬁﬃ!G5V?.ﬁ 6= #ﬂﬁ ﬂﬁ !#" $'&)()ﬂﬁ /1?ﬀ#!#/1+:?Cﬁ#ﬂ+
+:/1>9?G5V!R3)-.!#/CT987?.ﬁJﬁﬃ"  JT75V61!#ﬂ+
0G57" 61+ u+,ﬁﬃ<; ##ﬂ61ﬂ?#IH#;?Cﬁ5 ﬁG?S##ﬂﬁ ":;%/=?#" + /6Zn 57ﬂ-u!ﬀ/1+ / ﬁﬃ/=89?lbd6ZnA?ﬀ" >7/1+:ﬁ " ﬂ;%ﬂ?.ﬁIgﬀ
6ZnAﬂT7?#ﬂ;%ﬂ?.ﬁ
?X-.!#+,ﬁﬃ/=89?Jﬁ #89?# #ﬂ+
/=?ﬀ[\89" ;%5Vﬁ /189?#+M61 ﬂ89?#ﬂ" ?G5V?.ﬁ
#89/ ﬁﬂﬁ "  #ﬂ61ﬂ?#IH#t89!X0G57+K
 + u+,ﬁﬃ<;OﬀQ#ﬂ6=?#IH#ﬂ;%ﬂ?Cﬁ#!%#ﬂﬁ ﬂﬁ !#"$'&)(ﬂ89;0M89",ﬁﬃ#ﬂ!R3?#/=T7U57!u3pb\" ﬂ0#" ﬂ+ ?Cﬁ +
+ !#"6_5'ﬁG>9!#":YsuK z@l5UT9S61+?#89;+% v SJﬁ] v,s7gJK'k?#/ T957! S+: 
G5V+ S+:!#"m6=+/1?ﬀ[\87" ;%5Vﬁﬃ/=89?#+
0#" 8zT7?G57?Cﬁ #ﬂ+ +:/=?.ﬁ /16=6_5Vﬁ !#":+r#Pﬁ ;0#+#PT9876
D
ﬀ+89;0ﬀﬁ !#":+ xr" ﬂ?#y78zT^Jﬁ#+U5V6189":/1;<ﬂﬁﬃ":+
6=ﬂﬁ " 89;%57>9?ﬀﬂﬁﬃ/=-.!#+0289!#"#Jﬁﬃ":;%/=?#"+:/!#?kJT9ﬂ?#;?CﬁPﬂ+:ﬁOj":ﬂﬁ ?#/=" 87!k0G5V+ b\?k6ZnA8Rﬂ!#":?#ﬂ
+ /M6ZnA61ﬂﬂﬁ " 89?%#/=oM!#+ P5 ﬂﬁ P#ﬂﬁ Jﬁﬃ)89!]0#57+Ig K#'+ﬂ89;0ﬀﬁﬃﬂ!#" +xrﬂ" ﬂ?#y78zTJﬁ61ﬂ+rU5V6189":/1;<ﬂﬁﬃ":+
D
-.!#/
+ 89?Cﬁ)IH#57" >9ﬂ+)# 6ZnA/1ﬀ?Cﬁﬃ/ﬁGU5Vﬁ /189?e#ﬂ+)61ﬂﬂﬁ " 89?#+b\+  ":0289":ﬁ ")57!u3Y+:ﬂﬁ /189?ﬀ+)0#" ﬂﬀ?Cﬁﬃﬂ+ suK
{
Jﬁ
sRK B9g
D
[\89!#":?#/1+:+ ?Cﬁ 6=mU5V+ IH#57?Cﬁ%ﬀ+ + /=>9?G57!u3*57!*+ u+:ﬁﬃ<ﬂ;%ﬀ]#ﬂ61ﬂ?#IH#;?Cﬁ
D
/1?##/=-.!G57?Cﬁ 6_5
#ﬂﬁ Jﬁﬃ/187?]#P6En ﬂ61Jﬁﬃ":89? K, 6=!#+r0ﬀ" ﬂ/1+:;?Cﬁ
D
6=+t/1?ﬀ[\89":;m5 ﬁﬃ/187?#+ !ﬀﬁﬃ/=61/1+:ﬂ+t0G5V"61 ?#/=T7U57! O+ 89?Cﬁ6_5
618uU576=/1+ 5Vﬁﬃ/=89? #ﬂ+tﬂ89!#0#+ G5V?#+t6=+ + ﬂ/1?Cﬁﬃ/=61615Vﬁﬃﬂ!#" + ﬀﬁ ;0#+#T9896
D
61+ +:/1>9?G5V!R3 0#":8R#!ﬀ/=ﬁﬃ+ #57?#+ 61ﬂ+
89;0ﬀﬁ !#":+Pxrﬂ" ?ﬀy78zT
D
ﬂﬁQ?Yﬂ -.!#/ 89?ﬀ":?# 6=+ U576=89" /=;%<Jﬁﬃ" ﬂ+6=ﬂﬁ " 89;%57>9?ﬀﬂﬁﬃ/=-.!#+
D
6En ﬂ?#":>9/1
#0289+:G57?#+ 615P0G57":ﬁ /1
D
57/1?ﬀ+ /#-.!# 6ZnA?#ﬂ" >9/=rﬁﬃ8VﬁI576=#0289+:7Ku'?#/=T7U57!  #! + u+:ﬁ <;Qﬀ
#ﬂ61ﬂ?#IH#;?Cﬁ 87?#+ /=#<":)-u!ﬀX6En ﬂ61ﬂﬂﬁﬃ":89?]#/ o !ﬀ+ 5 ﬂoMJﬁﬃ/ T9;?Cﬁ ﬂﬁ )#ﬂﬁ Jﬁﬃ+ / ﬂ+-.!G57?Cﬁﬃ/ ﬁﬃﬂ+
#0#57+ +:?Cﬁﬂ":ﬁﬃ57/1?#++ ﬂ!#/16=+tﬀ?#89;;++ !ﬀ/161+#Q#ﬂ61?ﬀIH#;?CﬁUK ?m6ZnA8u!ﬀ" " ﬂ?#
D
6En 5V;%0#6=/=ﬁ !##
#!Y+:/1>9?G5V6
0#":8Rﬀ!#/=ﬁQG57?#+O61+O89;0ﬀﬁﬃﬂ!#" +)xr" ﬂ?#y78zTSﬂﬁ)6En ﬂ?#":>9/1#0289+ ﬂ G57?ﬀ+P6_5m0#57":ﬁ /1
#!*U5V6189":/1;<ﬂﬁﬃ": ﬁﬃ89!#+ ﬀ!R3`+ !#02":/1!ﬀ" + jk",ﬁI57/=?#+ +:!#/=61+ #m#ﬂ61?ﬀIH#;?Cﬁ0Mﬂ" ;ﬂﬁ:ﬁﬃ?Cﬁ ﬀ
" 
W
ﬂﬁﬃﬂ"61+0ﬀ/189?#+ﬂK
ﬂ+ﬂT7?#ﬂ;%ﬂ?Cﬁﬃ+ 5 C57?Cﬁ0G57+:+ P6=O?#/ T957! P#!+ R+,ﬁﬃ<ﬂ;%)#O#ﬂ61?ﬀIH#;?Cﬁ02!ﬀT7?Cﬁ ?#+:!#/=ﬁ 
ﬂﬁ " ]JT9?Cﬁ !#6=61;?Cﬁ  3ﬀ57;%/=?#+0G57" 6=m?#/ T957! s`bd+:/r6En 89?l#ﬂ/1#m#]6ZnA!ﬀﬁ /161/=+ ﬂ"IgP-.!#/r+:IHG57" >7
576187" +#OT9ﬂ" /ﬁG"6150#":+:?#ﬂ)#Oﬁﬃ" 57ﬂ+bEj6Zn 57/1# #ﬂ+/1?ﬀ[\87" ;%5Vﬁﬃ/=89?#+ 0#" 8zT7?G57?Cﬁ#ﬂ+IHG57;ﬃ
#" ﬂ+j
B*
$rH#570#/=ﬁ " XsRKk'#ﬂﬁ ﬂﬁ !#"O$'&)(
#":/=T7zg0M87!#"ﬁG?G576=;?Cﬁ 57!ﬀﬁ 89" /=+ ﬂ"89!^0G57+6Zn 57-.!#/=+ / ﬁﬃ/187?]#6ZnAﬂT7?#ﬂ;%ﬂ?.ﬁQ87?#+ /=#":7K
 
89!Rﬁﬃ+ ﬂ+ /=?ﬀ[\89" ;%5Vﬁ /189?#+
D
-u! n ﬂ6161ﬂ+ + 87/1?Cﬁ /=;%0#6=/1-.!#ﬂ+ G57?#+ 6=?#/=T7U57! 87! 61?#/ T957!%s
D
+:89?Cﬁ
>9":ﬂ+0G57"t61O;8u#!#61+:!#0Mﬂ":Tu/1+:!#"ﬀ!#ﬂ61?ﬀIH#;?Cﬁ
D
570#026=     	 
 %b  (m+:!#"6_5
ﬁG>9!#":XsRKz@CgJK
tape silo
disk
clon10(smp)clon00(smp)
DDdd ER EB
DD to IPCIPC to dd
CED
MON
TSL-1
L-2
Gate
logic
ROC ROCmem.
detector
pretrigger
discriminators
L-1
true
L-2
true/
false
L-2 F.Clr./Busy/Trigger type
L-1:
L-2:
TS:
ROC:
EB:
Level-1 Trigger
Level-2 Trigger
Trigger Supervisor
17 Read-Out-Controllers
Event Builder
ER:
DD(dd):
IPC:
MON:
CED:
Event Recorder
Data Distribution
InterProcess Control
Monitor and user software
Event Display
  suK z@l(uIH#;%5k":0#":+ ﬂ?CﬁI57?Cﬁ 6=++ u+:ﬁ <;+ ﬀ%#ﬂ6=?#IH#ﬂ;%ﬂ?Cﬁ ﬂﬁ n 57-.!#/=+ / ﬁﬃ/187?cﬀ! # v
ﬁﬃﬂﬂﬁﬃﬂ!#"Q$'&)(MK
  
 m ﬀ Nﬂﬁ	'	 	  
ﬂ+ [\87?#ﬂﬁ /189?#+ #!k+ u+:ﬁ <;  n 57-.!#/=+ / ﬁﬃ/187?eﬀ!Y#ﬂﬁ Jﬁﬃ!ﬀ")$'&)(^+ 89?CﬁPﬀX[\89":;m5 ﬁﬃ"6=+#/=oMJv
" ﬂ?.ﬁ +/1?ﬀ[\89":;m5 ﬁﬃ/187?#+P0#":8 T7?G5V?.ﬁ #+X#ﬂﬁ Jﬁﬃ!ﬀ" +
D
ﬂﬁ #%+,ﬁﬃ8uIy7ﬂ" 61ﬂ+ ﬁ#IH#/1ﬂ" + ﬀ%#87?#?#ﬂ+ 57/=?#+ /
8
ﬀﬁ ?.!#+K
&qIHG57-.!#[\89/=+ -.! nA!#? ﬂT7?#ﬂ;%ﬂ?.ﬁﬂ+:ﬁ57ﬂ0Rﬁﬃ0G57" 61r+ u+:ﬁﬃ<ﬂ;%ﬀ#ﬂ61?ﬀIH#;?Cﬁ
D
6=r;8Rﬀ!#61
+ !#02",Tu/1+ ﬂ!#"X#!lﬀ6=?#IHﬀ;?Cﬁ 87!   ﬃ 	 
 hb   (#gP?CT989/=%!ﬀ?l+:/1>9?G5V6 -.!#/ ?Cﬁﬃ" 5"!_?ﬀ
6_5X?u!ﬀ;%ﬂ" /1+ 5Vﬁﬃ/=89?#+/=?ﬀ[\89":;m5Vﬁ /189?ﬀ+&Ow)$ bd0289!#"  $#&%&'()'+*,& +#&%.-/  7g Jﬁﬂ w)$ bd0289!#"
 ﬀ  ﬃ'()'+*0& 1#&%0-/  9g Kr'ﬂ+]#89?#?ﬀ++:89":ﬁﬃ57?Cﬁ#Y615l#/=>9/=ﬁﬃ5761/=+ﬃ5Vﬁ /189?*+:89?Cﬁ61!ﬀ+m0#57"m#ﬂ+
89?Cﬁ " "96=!#":+#%61ﬂﬂﬁﬃ!ﬀ" 
D
570#026=+23$bd0289!#"54 #76 	5-/  8)%% 9
 g
D
-.!#/t61+ﬁﬃ" 57?#+:;%Jﬁ ﬁﬃﬂ?Cﬁ
576187" +)jﬁﬃ" 5zT7":+6= " +:U57!lj^6ZnA89" #/=?G5Vﬁ !#"P":+:0M89?ﬀ+ﬃ5
#6= # 6Zn 57-.!#/=+ /=ﬁ /189?S#+X#89?#?ﬀ+ﬂK
(R!#"Jﬁ
89" ﬀ/1?G5Vﬁ !#"
D
!#?*0#" 87>9"ﬃ57;;%?#87;%;   :%6lb  + !ﬀ" 6_5 ﬁ#>9!#" sRK U@Cgﬂ+:ﬁ IHG5V" >9]ﬀ
B
wO!R3R/=<;X0#57":ﬁ /1   n 57ﬂ61ﬂ"ﬃ5Vﬁ !#"Q$r& JﬁQ6=)#ﬂﬁ Jﬁﬃ!ﬀ"P$'&)(#	7ﬂoM":+ 89?k5

" ﬂ89?#+,ﬁﬃ/ ﬁﬃ!#ﬂ" 61ﬂ+ ﬂT7?#ﬂ;%ﬂ?.ﬁ + ?#":>9/=+:ﬁﬃ":+ﬂK  ?*ﬂoMﬂﬁ
D
/16t896=61Jﬁﬃ%61+/1?ﬀ[\87" ;%5Vﬁﬃ/=89?#+?.!#;%ﬂ" /=+ ﬂ+
ﬂﬁ^6=+ﬁﬃ" 57?#+ ﬂ" / ﬁ^G57?#+^#ﬂ+ 
#57?#-.!#+e nA/1?ﬀ[\87" ;%5Vﬁﬃ/=89?#+m":>9":89!#02ﬂ+k0G5V"ﬂT9ﬂ?#;?CﬁK  ? 5V!ﬀﬁﬃ":
0#" 87>9"ﬃ57;;
D
?#89;;%	  4 

  6 b  2 + !#" 615!ﬁG>9!ﬀ"  sRKz@Cg
D
+ IH#57" >9 n ﬂ" /=" ﬂ+
G57?#-.!#ﬂ+
 nA/1?ﬀ[\89":;m5 ﬁﬃ/187?#+G57?#+Q#+!ﬁGIH#/1ﬂ" +P-.!#/
+ 89?CﬁO?#+:!#/=ﬁ  +:ﬁ 8RIyV+Pﬁﬃﬂ;%0289" 57/1":;?Cﬁ + !#"Q#+Pﬀ/1+ -.!#ﬂ+
2 &QL w b\0M87!#" 4 6$67#  #5   
ﬃ /*,
	#gJKC'ﬁﬃ57!R3  n 57ﬂ-u!ﬀ/1+ / ﬁﬃ/=89? #+ﬂT7?#ﬂ;%ﬂ?Cﬁﬃ+
0Mﬂ!ﬀﬁ);89?Cﬁﬃﬂ"
W
!#+ -.! n j { y
 + ﬂ6189?h61ﬂ+P87?##/=ﬁ /189?ﬀ+O# 6En  3ﬀ02":/1ﬂ?# ﬂ?cﬂ89!#":+KP!G57?CﬁX57!Yﬁﬃ57!R3
 n 57-.!#/=+ /=ﬁ /189? #ﬂ+#89?ﬀ?#ﬂ+
D
/16 +,ﬁ61/=;%/ ﬁﬃj s9Bk8V+ﬂK /=?G576=;?Cﬁ
D
6=+ﬁGIH#/=" +t#Oﬀ89?#?#ﬂ++:89?Cﬁ
890ﬀ/1++:!#"!#?e+ /16=8 #+:ﬁ 8RIy 57>9#)[d5ﬂ89?e0Mﬂ" ;%57?#?Cﬁ 7K
B9s
  
	  

  
ﬀ ﬁﬂﬃ
 	  
!
ﬃ
ﬀﬁ"  #

!
$%& ﬁ' ﬃ
!


 ﬃ

(
!
 ﬀﬁ)*& + , - . '
(
!
(

! /
ﬃ102435
!
6


ﬁ
7 8
+ .
B7@
+       
+ 

ﬁ'ﬀ 


' ﬁ

   ﬁ) 

 (
0 

ﬁﬃ
 	  
!
ﬃ
ﬁ"   #

!
$ &  &
ﬃ102435
!
6


ﬁ
7 8
+ .
 nAJ3R02":/1?ﬀ w

$( @ 5m?ﬀﬂ+ +:/=ﬁﬃ 615%ﬂ89?#ﬂ0ﬀﬁﬃ/=89?YJﬁ)6_589?#+,ﬁﬃ":!#ﬂﬁ /189?p nA!#?p576189":/1;<ﬂﬁ " 
6=ﬂﬁ " 89;%57>9?ﬀﬂﬁﬃ/=-.!#kJﬁ nA!#? 57/=;m57?Cﬁ%+ 896=?#8  G576EKt$rYIHG570#/ ﬁﬃ":S0#":+ ﬂ?Cﬁﬃh61k" "96=k#!f?ﬀ89!ﬀT957!
U576=89" /=;%<Jﬁﬃ":Qﬂ61Jﬁﬃ":89;m5V>9?#ﬂﬁ /1-.!#
D
6=+87?.ﬁ "ﬃ57/=?Cﬁﬃ+5 957?Cﬁ>9!#/1ﬀP+ﬃ5 87?#ﬂ0ﬀﬁﬃ/=89?ﬂﬁﬂ?eﬀ89?#?#)!#?ﬀ
#+:":/10ﬀﬁ /189?^#JﬁI57/=6161ﬂ7K
 
  '	  
	  
 X   ^  X  

c#JﬁﬃJﬁﬃﬂ!#"p$'&)( 89!RTR": !#? ﬁﬃ":<+e>9"ﬃ57?ﬀa#87;m57/=?#h57?#>7!#6_57/=" pﬂ?
θ
bE57?#>761h0M876_57/=" zg
D
57/1?ﬀ+ / -.! n ﬂ?
φ
bd57?#>96=O5  /1; !ﬀﬁﬃHG5V6 gJK k5761>9": ﬁ 89!ﬀﬁ
D
ﬂ":ﬁﬃ57/1?ﬀ+ ﬂ89?#ﬂ+?#O+:89?Cﬁﬂ89!ﬀT9ﬂ":ﬁ +0G57"r57!#ﬂ!#?
89?ﬀ+:ﬁﬃ/ ﬁﬃ!G5V?.ﬁ  57ﬂﬁ /=[ IK  ? Jo Jﬁ
D
57!R357?ﬀ>961ﬂ+ 5UTV57?Cﬁ
D
57!Rv #+:+ 89!ﬀ+ #
. ◦ 57!Rﬁﬃ89!#"#t6Zn 5 3R #! [d57/=+ 57! D
57!#ﬂ!#?]#JﬁﬃJﬁﬃﬂ!#"? nA+:ﬁ0ﬀ" +:?Cﬁ
D
ﬂﬁ0289!#"t61ﬂ+57?#>761+t61ﬂ>9<":;?Cﬁ57!uvN#ﬂ+ + !ﬀ+#
. ◦ D 6Zn 57ﬂ0ﬀﬁﬃ57?#ﬂ
5 /=; !ﬀﬁ HG5761)ﬂ+:ﬁPﬁ " <ﬂ+O" ﬂ#!#/ ﬁﬃ 0#57"Q6En ﬂ?#87;
#" ﬂ;%ﬂ?CﬁP#ﬂ+
M8
#/1?#ﬂ+Qﬀ!Sﬁﬃ89":7K (R/ 6ZnA89?kT7!ﬀﬁOﬂﬁﬃ!ﬀ#/1ﬂ"
6_5S":U57Jﬁﬃ/=89?Fw

$(
ep → epγ #[d5ﬂ89?*J3Rﬂ61!#+:/=T9 D /16t+:ﬁ?#ﬂﬂ+ +ﬃ5V/1" ^#ﬀﬂﬁﬃﬂﬂﬁ " ﬁﬃ89!Rﬁﬃ+ 6=+
0G57",ﬁﬃ/1ﬂ!#61ﬂ+#6ZnAﬂﬁﬃ5Vﬁ ﬁG?G5V6
D
+:89/1ﬂ?CﬁQ6En ﬂ61ﬂﬂﬁﬃ":89?#/ o !#+:
D
6=)0#" 87ﬁ 89?^#" ﬂ!#6'JﬁQ6=)0#H#87ﬁ 89?^0#" 8u#!#/ ﬁUK
3P"
D
6=)0#H#87ﬁ 89?^#!Sw

$(k87!eﬀ!  
 ﬂ+:ﬁﬁu0#/1-.!#ﬂ;%ﬂ?.ﬁ ﬂ;%/=+57!R3e57?ﬀ>961ﬂ+5zTV57?CﬁK
 5ﬁG>7!#"  9K ":0#":+:?CﬁﬃQ!#?#TR!ﬀQﬂ?%ﬂ89!#02 ﬀ!m#JﬁﬃJﬁﬃﬂ!#"$'&P(ﬂﬁ;89?Cﬁﬃ":!#?%JT9ﬂ?#;?Cﬁ
w

$(  
 ﬁR0ﬀ/1-.!#7K 3P?m02!RﬁtT789/1" -.!#O6En ﬂ61ﬂﬂﬁﬃ":89? #/=oM!#+:QJﬁr6= 0ﬀ" 87ﬁ 89?%ﬀQ":!ﬀ6M+:89?Cﬁ57/=+ ﬂ;%ﬂ?.ﬁ
#ﬂﬁ Jﬁﬃ+0#57"t6=+t#/=oM":?Cﬁﬃ+>7" 89!#02+r#O#Jﬁﬃﬂﬂﬁﬃﬂ!#" +ﬂ89?Cﬁﬃ/ ﬁﬃ!G57?Cﬁ$&P(MK#'Q0#H#87ﬁ 89?^w

$(  

D
-.!G57?Cﬁj^6=!#/
D
ﬂﬁﬃ57?Cﬁ)ﬁR0ﬀ/1-.!#;?Cﬁ;/1+OT7":+6=+57?#>761+5UTV57?Cﬁ
D
02!RﬁﬂIHG570#02"j6Zn 57ﬂ0ﬀﬁﬃ57?#ﬂ
#!^#ﬂﬁ Jﬁﬃ!ﬀ"P$'&)(2K
7!#+ -.! n j 0#":+ ﬂ?Cﬁ
D
5UT9ﬂS6=k#Jﬁﬃﬂﬂﬁﬃﬂ!#"^$'&)(
D
615c":U57Jﬁﬃ/187?qw

$(q5lJﬁﬃSJﬁﬃ!#ﬀ/1k+ﬃ57?ﬀ+m# v
ﬁﬃﬂﬂﬁﬃﬂ" 61]0ﬀH#87ﬁﬃ87? ﬀ6ZnAﬂﬁI5 ﬁﬃﬁG?G5V6
D
ﬂ89;;%] 3R0M89+:^G57?#+ 615S" J[\" ﬂ?#  EK  ?FﬂoMﬂﬁ
D
6_5Y" 57Jv
ﬁﬃ/=89?
ep → epγ 02!Rﬁ ﬂﬁ " ]/=#?Cﬁﬃ/ﬁGm?*ﬂﬁ !##/157?Cﬁ 6_5k;m57+:+ %;m57?ﬀ-u!#57?Cﬁﬃ MX #]615k":U57Jﬁﬃ/187?
ep→ epX KC& U57!#+:QﬀQ615":+:8961!ﬀﬁ /189? 6=/1;/=ﬁ #Q$'&)( D 6=0#" 8
#61<ﬂ;%;%5 W !#" #57?#+ U57+ 0#":Jv
B9B
  " 89/=+ /1<ﬂ;%O0G57":ﬁ /1   ?k?ﬀ89!ﬀT957!eU576=89" /=;%<Jﬁﬃ" O61ﬂﬂﬁ " 89;%57>9?#Jﬁﬃ/=-u!ﬀP89;0#6=ﬂﬁI5V?.ﬁ6=)#ﬂﬁ Jﬁﬃ!ﬀ"
$'&)(ﬂﬁ #ﬂ#/1j 6ZnAJ3R02":/1?ﬀXw

$(
 9K ,2 ﬂ0#" ﬂ+ ﬂ?.ﬁﬃ5Vﬁﬃ/=89?  n !#? ﬂT9ﬂ?#;?Cﬁ w

$(   
iﬁu0#/1-.!#tG57?#+
61#ﬂﬁ Jﬁﬃ!ﬀ" $'&)(MK&3P?
8
#+:":T7 6_5#JﬁﬃJﬁﬃ/=89?# 6ZnA61ﬂﬂﬁ " 89?)#/ o !ﬀ+  ﬂﬁ #!0#":87ﬁﬃ87?Xﬀ " ﬂ!#6C0G57"'6=+'#/ o ﬂ" ﬂ?.ﬁ +89?#+,ﬁﬃ/ ﬁﬃ!G57?Cﬁ +
# $'&P(MK P!G57?Cﬁ5V!Y0#H#87ﬁ 89?pw

$(  

D
JﬁI57?CﬁPﬁu0#/=-u!ﬀ;?Cﬁ);/1+T9ﬂ" +)6=+P5V?#>961ﬂ+P5UTV57?Cﬁ
D
/16
0Mﬂ!ﬀﬁIH#570#02"Qj 6En 5Vﬂ0ﬀﬁI5V?#X#!e#ﬂﬁ ﬂﬁ !#"O$'&)(MK
0
50
100
150
200
250
300
-0.1 -0.05 0 0.05 0.1 0.15 0.2
M
x
2
 (GeV2)
Ev
en
ts
 9K s  S57+:+ h;m5V?#-.!G57?Cﬁﬃh57!f57" ":
M2X
ﬀp6_5 ":U57Jﬁﬃ/187?
ep → epX K(R0#57"ﬃ5Vﬁ /189? #+
0#H#87ﬁ 89?#+ﬂﬁﬀ+
pi0
ﬂ?l!Rﬁﬃ/16=/1+ 57?CﬁP6_5]ﬁ IH#?#/=-.!#% n 5
W
!ﬀ+:ﬁﬃﬂ;%ﬂ?Cﬁﬀﬀ!R3h[\89?ﬀﬂﬁﬃ/=89?#+)>C5V!#+ +:/1?ﬀ?#+
D
6ZnA!#?#)ﬂ?Cﬁﬃ":X+ !#"6_5 ;%57+ +:57!eU57":" #!e0#H#87ﬁ 89?^ﬂﬁ 6Zn 57!ﬀﬁ " )ﬂ?Cﬁﬃ" ﬂ+:!#"ﬂ6161)ﬀ!
pi0
K
B
$rHG5V0#/=ﬁ "  9KS$r89?#ﬂ0ﬀﬁ /189?eﬂﬁ 87?#+:ﬁ " !#Jﬁﬃ/187?e n !#?eU5V6189":/1;<ﬂﬁﬃ":P6=Jﬁﬃ" 87;m57>7?#ﬂﬁ /1-.!#P0289!#"
6En  3ﬀ02":/1ﬂ?#Xw

$(
/=+'+:ﬁ6= 
#" !ﬀ/=ﬁ'# [\89?ﬀX/=;%0289",ﬁI57?Cﬁ -.!# ﬂ89?#+:ﬁ /=ﬁ !# 6_50#":8Rﬀ!#ﬂﬁ /189?)#
pi0
b\6_5" 57ﬂﬁ /189?
ep→ eppi0 gJK
 5 ﬁG>9!ﬀ"  9K s^":0#":+ ﬂ?Cﬁﬃm615;m57+:+ ;m5V?#-.!G57?Cﬁﬃ57!cU57":" 
M2X
#6_5" 57ﬂﬁ /189?
ep → epX
" ﬂ89?#+,ﬁﬃ/ ﬁﬃ!#ﬂ]jk0#57":ﬁ /1"X#m#87?#?#ﬂ+ 0#":/1+ ﬂ+ ﬂ?  ﬀﬀﬀk5UT9m61#ﬂﬁ ﬂﬁ !#" $&P(l? !ﬀﬁﬃ/=61/1+ 57?CﬁX!#?
[d57/1+:57!Y nA6=ﬂﬁ " 89?ﬀ+P#89?CﬁP6En ﬂ?#":>9/1ﬂﬁﬃ57/=ﬁQ# {
D
s9B



K 3P?YT989/ ﬁP-.!# 615%":+ 8761!ﬀﬁ /189?Y? n ﬂ+:ﬁ)0G5V+
+ !-+ 57?CﬁﬃY0289!#"0M87!ﬀT989/="%+:0G5V" "m61+ﬂT7?#ﬂ;%ﬂ?Cﬁﬃ+
ep → epγ #+]JT9ﬂ?#;?Cﬁﬃ+ ep → eppi0 K
5%ﬁﬃﬂIH#?#/1-.!# !ﬀﬁ /16=/1+ ﬂ 5]Jﬁﬃ  n ﬂ+ +ﬃ5 7"X n 5
W
!#+:ﬁ "
M2X
0#57"P#ﬂ!R3Y[\89?ﬀﬂﬁﬃ/=89?#+Q>C57!#+:+ /1ﬂ?#?#ﬂ+
D
6ZnA!#?#
ﬂ?.ﬁ " ﬂm+ !ﬀ"615^;%57+:+ %57! 57" ":%#!l0#H#87ﬁ 89? b
M2γ ∼ 0 

 2 gPﬂﬁ6Zn 57!ﬀﬁ "  ﬂ?.ﬁ " ﬂm+ !ﬀ"ﬂ616= #!
pi0
b
M2pi0 ∼ 0, 018 

 2 gJKM' ?#89;ﬃ
#" X nAﬂT9ﬂ?#;?Cﬁ + ep → epγ 5%0#!p5V6189":+ Jﬁﬃ" #ﬂﬁ ":;%/=?# j
0G57",ﬁﬃ/1"r#+0G57" 57;<ﬂﬁﬃ":+ n 5
W
!#+,ﬁﬃ;?CﬁK
S57/1+ ﬂ615h":+,ﬁﬃe!#?#^;%ﬂ+ !#":e570#0#":8z3R/=;m5Vﬁ /=T77K LN6ﬂ+:ﬁ6157/1" -u! n /=6r[d57!ﬀﬁ#JﬁﬃJﬁﬃﬂ" ﬁ 89!ﬀﬁ + 61ﬂ+
0G57",ﬁﬃ/1ﬂ!#61ﬂ+ﬀ]6ZnAﬂﬁﬃ5VﬁﬃﬁG?#576Pb\ﬂﬁ ﬂ?*0G57",ﬁﬃ/1ﬂ!#61/="61%0#H#87ﬁ 89?*w

$(#g 5 ﬁ#?* n 8
ﬀﬁﬃﬂ?#/1"#+ ;+:!#" ﬂ+
0#" ﬂ/=+ +ﬂK
$On ﬂ+:ﬁG57?#+XU57ﬀ" -u! n 5eﬂﬁﬃ 6157?# 6=0ﬀ" 8
W
Jﬁ w

$(l0#":890289+ﬃ57?CﬁX#89?ﬀ+:ﬁﬃ":!#/1": !#?
0MJﬁﬃ/ ﬁPU5V6189":/1;<ﬂﬁﬃ":ﬂ61ﬂﬂﬁﬃ":89;%57>9?#Jﬁﬃ/1-.!#ﬂﬁ# 6En /=?#+:ﬁﬃ57616=" 57!R3p57?#>96=+)5UTV57?Cﬁ
D
0#" 8uIH# # 615m/ 
#61
bE57! + /=?*#6_5  89?#m#6=/1;/=ﬁﬃﬂ%0#57" 615S0#" ﬂ;%/=<":]" ﬂ>9/189? #+ IH#57;
#":+ jY#ﬂ" /=T7zg 5 ﬁ#?* n Jﬁﬃ":
U570#5
#61)ﬀXﬀﬂﬁﬃﬂﬂﬁ " 61)0#H#8Vﬁﬃ89?ew

$(MK
  
     t   	 ﬁ%
 
LN6M 3ﬀ/=+:ﬁ O0#6=!#+ /=!#":+ﬁu02+# U5V6189":/1;<ﬂﬁﬃ":+ ;%57/1+ G57?ﬀ+r61 U5V#" Q#O?#8Vﬁﬃ"  0#":8
W
ﬂﬁ
D
6En /=#ﬂﬁﬃ57/=ﬁ
#Oﬂ89?#ﬂﬂT987/1"!#?ﬀﬂﬁﬃﬂﬂﬁ !#"ﬂ89;%0289+:O nA!#?;%5Vﬁﬃﬂ" /_5V!%6=89!#" ]57+ +:8Rﬂ/1Pj!#?;m5 ﬁﬃ":/_57!%+ ﬂ/1?Cﬁﬃ/=616_5V?.ﬁK
 n /=?.ﬁ " 57ﬂﬁ /189?G57?#+r!#?]U5V6189":/1;<ﬂﬁﬃ":61ﬂﬂﬁ " 89;%57>9?#Jﬁﬃ/=-u!ﬀQ nA!#?]0ﬀH#87ﬁﬃ87?]#89?#?ﬀO61Q; ﬂ;% " ﬂ+ !#6 ﬁI5Vﬁ
-.!#ﬂ616=r nA!#? 6=Jﬁﬃ" 87?
D
!#? ":+:!#6=ﬁﬃ5Vﬁ ﬁ " <+ 0#57":ﬁ /1!ﬀ61/1ﬂ"89;0G57":57!R3 57!ﬀﬁ " ﬂ+ ﬁR02+ ﬀ0G57",ﬁﬃ/1ﬂ!#61ﬂ+K
Q?6=Jﬁﬃ" 87?cbd-.!#/ ﬂ+:ﬁ!#?#)0#57":ﬁ /1!ﬀ61Qﬁ " <ﬂ+61>7<" Ugrj HG57!RﬁﬃPﬂ?#":>9/1PJﬁ 57!]T987/1+ /=?G57>9Q#)6ZnA6=Jv
;%ﬂ?Cﬁ 6189!ﬀ" *#! U576=89" /=;%<Jﬁﬃ":TV5 ﬂﬁ " #JTR/=^#+ﬃ5Yﬁﬃ" 5
W
Jﬁﬃ89/=" ]Jﬁ
D
ﬂ][d57/1+ 57?Cﬁ
D
TV5p;ﬂﬁ:ﬁﬃ":!#?
0#H#87ﬁ 89? r":;+ +:ﬁ "ﬃ57Hﬀ61!#?#>ib\"ﬃ5 989?ﬀ?#;?Cﬁ#][\" ﬂ/1?G5V>9zg K $r^0#H#87ﬁ 89? 5p576187" +
D
57!*T989/=+ /=?G57>9]ﬀ
6ZnA6=;?Cﬁ 6189!#":S#!SU576=89" /=;%<Jﬁﬃ" 
D
!#?#>9"ﬃ57?ﬀ# +:ﬂﬁ /189?S%-U57ﬂ # ﬂ" 5Vﬁﬃ/=89?S#0G57/=" X61ﬂﬂﬁ " 89?Rv
0M87+ /=ﬁ " 89? K $rﬂ+P#ﬂ" ?#/=" +QT989?Cﬁ576=89" +
D
# ?#89!RT9U5V!
D
0289!ﬀT987/1" ;ﬂﬁ ﬁ "  ﬀ+P0#Hﬀ87ﬁﬃ89?ﬀ+r" ﬂ;%+:+:ﬁ "ﬃ57HRv
61!#?ﬀ> -u!ﬀ/ 0ﬀ" 8u#!#/1":89?Cﬁ#?#89!RT96=61ﬂ+ 0#57/1":+6=Jﬁﬃ" 87?RvN0289+ / ﬁﬃ":89? K
LN6+:m0#":8Rﬀ!#/=ﬁ576=89" +61#JT96=890#02;?Cﬁ ﬀm-.!#]6En 89?l570#026=61 !#?#>9ﬂ" 
2m6=Jﬁﬃ" 87;m57>7?#Jv
ﬁﬃ/=-u!ﬀ
D
87;%;6ZnA/1616=!#+:ﬁ " 615ﬁG>9!#":ﬃ9K @
D
5UT9ﬂO!#?# ; !#6 ﬁﬃ/ ﬁﬃ!### 0#":8Rﬂ+ +:!#+rﬀQﬂ" U5 ﬁﬃ/187?%#Q0G57/=" +
6=ﬂﬁ " 89?uvN0289+ / ﬁﬃ" 87? ﬂﬁ #" 5 989?#?ﬀ;?Cﬁ r" ﬂ;%+:+:ﬁﬃ" 57H#6=!#?#>
W
!#+ -.! n j)-.!#6_5Qﬁ 87ﬁI5V61/=ﬁ r#6En ﬂ?#":>9/1
# 6En ﬂ61ﬂﬂﬁﬃ":89?Y/=?#/=#?CﬁQ+ 89/ ﬁP#/=+ + /=0Mﬂ JﬁP87?.T7",ﬁﬃ/1 ?p61!ﬀ;%/=<" X0G57"Q61X;m5 ﬁﬃ":/_57!k+ ﬂ/1?Cﬁﬃ/=616_5V?.ﬁK 5
61!#;/1<ﬂ" X# + ﬂ/1?Cﬁﬃ/=61615Vﬁﬃ/=89?^" +:!#6=ﬁﬃ57?Cﬁﬃ ﬂ+:ﬁX576=89" +Q" ﬂ896=ﬁ  j]6En 57/=#  n !#?h0#Hﬀ87ﬁﬃ89; !#6=ﬁ /10#6=/1U5 ﬁﬃ!ﬀ"89!
 nA!#?##/18u#VK
3)? 89;0#" ﬂ?#f57/=+ ﬂ;%ﬂ?.ﬁm-.!#Y6ZnA/1?Cﬁ "ﬃ5Vﬂﬁﬃ/=89?  n !#? 0#H#87ﬁ 89?f/1?#ﬂ/1#ﬂ?CﬁmG5V?#+]!#?f576189":/1;<ﬂﬁ " 
;%<ﬂ?#%57! ; ; #ﬂT761870#0Mﬂ;%ﬂ?Cﬁ  nA!#?#%>9" 
M6=ﬂﬁ " 89;%57>9?ﬀﬂﬁﬃ/=-.!#
D
;/1+Xj^0G57":ﬁ61 [d57/ ﬁX-u!ﬀm61
0#" ﬂ;%/="0#" 8uﬂ+ +:!#++,ﬁJﬁ ﬁﬃY[\87/1+,v /6_5c":U5Vﬁ /189?q n !#?ﬀY0G57/=" Sﬂ61ﬂﬂﬁﬃ":89?Rv 0M89+:/=ﬁ " 89? 57!q61/=!i#!
"ﬃ5 987?#?#;?Cﬁ  nA!#?e0#H#87ﬁ 89? t" ;+ +,ﬁﬃ" 57H#61!ﬀ?#>#K
B
|
  " 89/=+ /1<ﬂ;%O0G57":ﬁ /1   ?k?ﬀ89!ﬀT957!eU576=89" /=;%<Jﬁﬃ" O61ﬂﬂﬁ " 89;%57>9?#Jﬁﬃ/=-u!ﬀP89;0#6=ﬂﬁI5V?.ﬁ6=)#ﬂﬁ Jﬁﬃ!ﬀ"
$'&)(ﬂﬁ #ﬂ#/1j 6ZnAJ3R02":/1?ﬀXw

$(
e−
e−
e+
e+
e−
e−
γ
γ
γ
γ
0 1 2 3
e+
e− e−
e−
γ
  9K @5S(uIH#;%5m/16=61!#+,ﬁﬃ" 57?CﬁQ6= #JT9ﬂ61890#02;?Cﬁ) n !#?ﬀ >9" 
M6=ﬂﬁ " 89;%57>9?ﬀﬂﬁﬃ/=-.!#]b\U57+O8 Y6_5
0G57",ﬁﬃ/1ﬂ!#61^/=?#/=#?Cﬁﬃk+,ﬁ]!#?qﬂ61ﬂﬂﬁﬃ":89? g Kr'+%61/=>9?#+#":89/=ﬁ +" 0ﬀ" +:?Cﬁﬃﬂ?Cﬁk6=+6=ﬂﬁ " 89?ﬀ+]ﬂﬁ%61ﬂ+
0M87+ /=ﬁ " 89?ﬀ+K'+m6=/1>9?ﬀ+89?##!#6=ﬂ+m" ﬂ0#" ﬂ+ ﬂ?.ﬁ ?Cﬁ^61ﬂ+m0#Hﬀ87ﬁﬃ89?ﬀ+Ktﬂ+mIH#/ o ":+]ﬂ? 
G57+%#!q+:IH#;%5
/1?#ﬀ/1-.!#?Cﬁ615 #/1+,ﬁI57?#ﬂ;%ﬂ+ !#":X?e6189?#>7!#!#":+#"ﬃ57ﬀ/_5Vﬁ /189? K
 
    X	      	  
  e   
k?#89!ﬀT7U57! 576189":/1;<ﬂﬁ " ^6=ﬂﬁ " 89;%57>9?ﬀﬂﬁﬃ/=-.!#kﬀ89/=ﬁ%0Mﬂ" ;ﬂﬁ:ﬁﬃ" k6_5c#ﬂﬁ ﬂﬁ /189?fﬀ+]0#Hﬀ87ﬁﬃ89?ﬀ+
#X6_5%":U57Jﬁﬃ/=89?k?ﬀ89!#+Oﬂ89?#ﬂ" ?#57?Cﬁ5UT9!#?#HG57!ﬀﬁ  " ﬂ+ 896=!ﬀﬁﬃ/=89?e?Yﬂ?#":>9/1mb 5%√
E(GeV )
g
D
?p5V?#>961
b ≤ * D B ◦ g Jﬁj%!ﬀ?YﬁI57!R3k# 89;0ﬀﬁI5V>9 ﬂ61ﬂT7^b ∼  
zg K LN6 +:ﬁP+ /=ﬁ !# 57!u3Y5V?#>961ﬂ+P5UTV57?Cﬁ D 6_j8 Y61ﬂ+

!R3^ﬀX0#57":ﬁ /1!ﬀ61++:89?Cﬁ 61+0ﬀ61!#+/1;0289":ﬁﬃ57?Cﬁﬃ+K
ﬂ+m02ﬂﬁ /=ﬁﬃﬂ+%ﬀ/1;?#+:/189?#+ #! #ﬂﬁ ﬂﬁ !#"Yb  c; #e6189?ﬀ>l;%5 3R/1; !ﬀ;
	 ﬂ" /=ﬁ <":S/1;0289+ ^0G57"
6ZnA/1?Cﬁﬃﬂ>9"ﬃ5 ﬁﬃ/187? G57?#+r$'&)(#g #ﬂ;m57?ﬀ#?Cﬁt!#?m;%5Vﬁﬃﬂ" /=6## HG57!Rﬁﬃ #?#+:/=ﬁ Q0289!#" 61576189":/1;<ﬂﬁ " 7K7'
ﬁﬃ!#?ﬀ>9+:ﬁﬃ57?G5Vﬁ Q#Q0#6187;

D
, 
 3
4
D
0#":+ ﬂ?CﬁI57?Cﬁ!#?ﬀO#ﬂ?#+ / ﬁﬃOﬀ
.
D
@> ; 3 D 5+ ﬂ;
#6=Q6=Q;/=6161ﬂ!#"
U57?ﬀ#/1G5 ﬁcb  `ﬂ;  
.
6189?ﬀ>9!#!ﬀ" +]#p" 57#/15Vﬁﬃ/=89?
D
7K v j v  Kr-.!#p6En ﬂ?#":>9/1Sﬁ 87ﬁI5V61Y#p615 >9ﬂ" 
2
6=ﬂﬁ " 89;%57>9?ﬀﬂﬁﬃ/=-.!#/=?##!#/ ﬁﬃ0G57"O6= 0#Hﬀ87ﬁﬃ89?p/=?#/=#?CﬁO+:ﬁ0ﬀ" +:-.!# ?Cﬁﬃ/=<":;?Cﬁ)87?.ﬁ ?.!# G57?ﬀ+
61U576=89" /=;%<Jﬁﬃ" Ug	 7nA+,ﬁX57!#+ +:/ !#?hﬂ" /1+,ﬁI576
j]6_5" ﬂ0M89?ﬀ+  ﬁﬃ":<+)" 570#/1ﬀ
D
 -.!#/ ﬂ+:ﬁ?#ﬂﬂ+ +ﬃ5V/1"  0289!#"
ﬁﬃﬂ?#/1"6=+HG57!ﬀﬁ +

!R3e#0G57",ﬁﬃ/1ﬂ!#61ﬂ+ 5Vﬁ ﬁ ?##!ﬀ+K LN65ﬂ>C576=;?Cﬁ 6Zn 5zTV57?Cﬁﬃ57>9) n ﬂﬁ "  
#/1ﬂ?k":+ /=+:ﬁﬃ57?Cﬁ
57!R3]"ﬃ57#/15Vﬁﬃ/=89?#+ﬂK
 5#/1;?ﬀ+ /187?eﬀ+Q[d5V+O5UT75V?.ﬁQ#ﬂ+O":/1+,ﬁI57!R3 b 
D
@9@ ×  D @9@ ; 2 gﬂ+:ﬁOIH#89/1+:/1#;m57?ﬀ/1<":Xj
%-u! n ﬂ6161+ 87/=ﬁ/1?ﬀ[\ﬂ" /1ﬂ!#" %57!`" 5 989?`ﬀ k896=/1<ﬂ" Sbd7K v j vN K6_5^#/=;%ﬂ?#+ /=89? #! 0#" 8ﬁ#6 ﬁ "ﬃ57?ﬀ+:T9ﬂ" +:zg
#6_5 >9ﬂ" 
261ﬂﬂﬁ " 89;%57>9?#Jﬁﬃ/=-u!ﬀ7KG$r576189":/1;<ﬂﬁ " P02":;%Jﬁ6_5 #JﬁﬃJﬁﬃ/=89?kﬀ+0#H#87ﬁ 89?#+ nA?CTu/1":89?
{
D
B ◦ j zB ◦ ?]57?#>96=Q02896_5V/1"  D 61ﬂ+57?ﬀ>961ﬂ+t0#6=!#+r>7"ﬃ57?#ﬀ+rﬂﬁﬃ57?Cﬁﬂ89!ﬀT9ﬂ":ﬁ +0G57"61+tU576=89" /=;%<Jﬁﬃ":+ 6=Jv
ﬁﬃ":89;m5V>9?#ﬂﬁ /1-.!#ﬂ+# $&P(MK
 5]-.!G5V?.ﬁ /=ﬁ  # 61!ﬀ;%/=<" X0#":8R#!ﬀ/=ﬁﬃ0G57"P+:/=?.ﬁ /16=6_5Vﬁ /189?eG57?#+O61+O" /=+:ﬁﬃ57!R3pﬂ+:ﬁ6=!# j]6En 57/=# ﬀ
0#H#87ﬁ 8VvNﬀ/18u#+XjS5UTV576157?#IH#Sbd&,wQ+ 0289!#" )#&%#



  )'+*,+ 69
 gP57+ +:8Rﬂ/1ﬂ+ je#+0#" 57; v
0#61/ﬁGU5 ﬁﬃ!ﬀ" +K2$rIH#89/43^+,ﬁPS57!k[\89",ﬁ IHG57;0S;%57>9?#Jﬁﬃ/1-.!#ﬂ?.Tu/=" 89?#?#57?Cﬁ
D
>9?#ﬂ" X0G57" 6Zn 57/1;%57?Cﬁ
B
.
$rHG5V0#/=ﬁ "  9KS$r89?#ﬂ0ﬀﬁ /189?eﬂﬁ 87?#+:ﬁ " !#Jﬁﬃ/187?e n !#?eU5V6189":/1;<ﬂﬁﬃ":P6=Jﬁﬃ" 87;m57>7?#ﬂﬁ /1-.!#P0289!#"
6En  3ﬀ02":/1ﬂ?#Xw

$(
+ 896=?#8  G576M-.!#/'+,ﬁQﬀ":/=ﬁG5V?#+6_5 + ﬂﬂﬁ /189?'9K BRK S5V61>9":P61ﬂ!#">C57/=?cbd#6ZnA89":#" Pﬀ B *Cg 
#/=?^0#61!ﬀ+
[d57/ 
ﬀ61X0G57"P" 570#0289":ﬁj]!ﬀ?c0ﬀH#87ﬁﬃ87; !#6=ﬁ /10#6=/15Vﬁﬃﬂ!#"
D
ﬂ+)0#H#8Vﬁﬃ8Vv #/18u#+Pj5zTV576157?#IH# 0#" ﬂ+ ?Cﬁ ?Cﬁ ﬂ?
ﬂoMﬂﬁ 6Zn 5UTV57?CﬁI57>9O n Jﬁﬃ":02!e+ ﬂ?#+ / 
#61ﬂ+Q5V!R3^IHG57;0#+;%57>9?#Jﬁﬃ/1-.!#ﬂ+K
LN6ﬂ+:ﬁ":!#/1576  n 5V+ + !ﬀ" "X!#?# 
M87?#?#+:ﬁI5 
#/16=/1+ﬃ5 ﬁﬃ/187?Y?cﬁﬃ;02"ﬃ5 ﬁﬃ!#":%#!lU576=89" /=;%<Jﬁﬃ": U57"X61
ﬁI57!u3#61!ﬀ;%/=<" Q#)+ ﬂ/1?Cﬁﬃ/=61615Vﬁﬃ/=89?m0#":8Rﬀ!#/=ﬁ P0G57"6=+":/1+,ﬁI57!R3]# , 
 3
4
+,ﬁ ﬁ " <ﬂ+ +:?#+:/ 
#6=57!R3
IHG57?#>7;?Cﬁﬃ+ #ﬁ ;0Mﬂ"ﬃ5Vﬁ !#"  9/=6ﬀ#/=;%/=?.!#r# s  0G57" ◦ $OK.>957/1? ﬀ+ &, wO+  ﬂ+:ﬁ >95761ﬂ;%ﬂ?.ﬁ
ﬁﬃ":<+X+ ?ﬀ+ / 
ﬀ61
D
ﬀ/1;/1?.!G57?Cﬁ>95761ﬂ;%ﬂ?.ﬁX nA?CTu/1":89?*s  0G57" ◦ $OK '%576189":/1;<ﬂﬁ "  #87/=ﬁ0G57"X87?#+  v
-.!#?Cﬁ /1?#ﬂ61!#":)!#?e+ u+:ﬁ <;#":ﬂ[\" 87/1#/=+ + ﬂ;%ﬂ?Cﬁ 57+ +:!#"ﬃ57?Cﬁ !#?# 
289?#?#+,ﬁI5
#/=61/=+ﬃ5Vﬁ /189?mﬁ H#":;%/=-.!#7K
, 57" 57/=6161ﬂ!#" +
D
6=)U576=89" /=;%<Jﬁﬃ":P+,ﬁQﬂ-.!#/102 n !ﬀ?k+ R+,ﬁﬃ<ﬂ;%X#;%87?#/=ﬁ 89"ﬃ57>7P0G57"ﬁ 
ﬀ" + 890ﬀﬁ /1-.!#ﬂ+
" ﬂ61/1ﬂ+Oj]!#?h6_57+:" b\# ﬁu0M	Q&

,gQ02":;%Jﬁ ﬁﬃ57?CﬁP# ﬂ89?Cﬁﬃ" "761"O6_5m+,ﬁI5
#/=61/ ﬁﬃX# 6_5%" 0289?#+:
#+t?#89;
ﬀ" !ﬀ+ +tT989/=+rﬂ89?#+,ﬁﬃ/=ﬁ !G57?Cﬁ6=Q+ u+:ﬁﬃ<ﬂ;%OﬂﬁﬀQT9ﬂ" /ﬁG"615X6=/1?#57" / ﬁﬃ#Oﬂﬁ:ﬁﬃQ" 0289?#+:P+ !ﬀ"
6_5  u?G5V;%/=-u!ﬀ)89!ﬀT7",ﬁﬃ7K
 
    	 	   ^    	ﬂ     t   	 ﬁ%


	 
wP57?#+6_5)" ﬂ0G57",ﬁﬃ/=ﬁ /189? ﬀ+?#89;
#":!#+:+ ﬁ

IHﬀ+89?#+,ﬁﬃ/ ﬁﬃ!G57?Cﬁ610#":8
W
ﬂﬁtw

$(
D
0G57":;%/#615)#;/ v
#89!  57/1?ﬀk nA/1?ﬀ+:ﬁﬃ/ ﬁﬃ!ﬀﬁ +%/=?Cﬁﬃ":?G5Vﬁ /189?G5V!R3 0G57",ﬁﬃ/1ﬂ/10G5V?.ﬁ%j 6En  3R0Mﬂ" /1ﬂ?#
D
6En L ,  n 3)":+ﬃ5  5 0#" /=+%ﬂ?
IHG57":>9ﬂ 
f6En Jﬁﬃ!##mﬂﬁ 6_5e" 5761/=+ﬃ5Vﬁ /189?l;%ﬂU57?#/=-.!#]#]6En 5V+ + ﬂ;
#6157>9mﬂ89;0G57ﬂﬁ #+
{
s
{
":/1+,ﬁI57!R3
D
-.!#/
0289+ 
D
?^0G5V":ﬁﬃ/=!#6=/1ﬂ"
D
#+0ﬀ" 8
#6=<;+t n /=?Cﬁﬃ>7"ﬃ5Vﬁ /189?] n !#?^+ R+,ﬁﬃ<ﬂ;%)#)":ﬂ[\":89/1#/=+ +:;?CﬁJﬁ
#+,ﬁI5
#/=61/=+ﬃ5Vﬁ /189?mﬁ H#":;%/=-.!#
D
j ± * D  ◦ $ 0#":<+b\T789/1" A@ | _g D
f6En Jﬁﬃ!##ﬂﬁ 6_5" 5761/=+ﬃ5Vﬁ /189?#!#/1+:0M87+ /=ﬁ /=[R6=ﬂﬁ " 89?ﬀ/1-.!##ﬁ "ﬃ57/ ﬁﬃﬂ;%ﬂ?.ﬁ 0#":/1;%57/1": #ﬂ+ + /=>9?G57!u3
D
5UT9ﬂ?0G57",ﬁﬃ/=!#6=/1" 6=O#JT96=890#02;?Cﬁﬂﬁ6_5ﬂ89?#+,ﬁﬃ" !ﬀﬂﬁﬃ/=89?#P0ﬀ61!#+ﬀ
{
s
{
0ﬀ" U5V;%0#6=/ ﬁG5 v
ﬁ !#":+Oj [d57/ 
#61
ﬀ" !#/ ﬁﬂﬁHG57!Rﬁﬃ)[\" ﬂ-u!ﬀ?#ﬂ ﬂﬁ  nA!#?#57":ﬁ X;<":b\T789/1" A@
.
'Jﬁ  @ﬀ  g K
 5V" >9ﬂ;%ﬂ?.ﬁ
/1?ﬀ+ 0#/="  #! 576189":/1;<ﬂﬁ "  ﬂ61Jﬁﬃ":89;m5V>9?#ﬂﬁ /1-.!##r$ Y( 
{
*
D
6=t576187" /1;<ﬂﬁ "  w

$(
5 Jﬁﬃh87? ! ﬁﬃ6-.! nA/16)+:lﬂ89;%0289+:cﬀ
{
s
{
ﬂ" /1+,ﬁI57!u3 #hﬁﬃ!#?#>7+:ﬁI5V?G5Vﬁﬃh#c0#6=89;
 b , 
 3
4
g
57+ +:;
ﬀ61+ﬂ89;%;P6En /=?##/1-.!#)615ﬃﬁG>9!#":ﬂ9K
{
K
 5 89?ﬀQTu/1#Q+ / ﬁﬃ!#ﬂP57!%?Cﬁ " P#!mU576=89" /=;%<Jﬁﬃ" 02":;%Jﬁr6=Q0#57+ + 57>9P#![d57/1+:57!] nA6=ﬂﬁ " 89?ﬀ+
ﬂﬁﬂ89" ":+ 0289?#Sj !#? 
ﬀ618uOTu/1":ﬁ !#6'ﬀ s Xﬂ" /=+:ﬁI5V!R3MK
$rHG57-.!#Yﬂ" /1+,ﬁI576 5 615c[\89":;%^ nA!#?qﬁ "ﬃ5702 ﬂ8 #
D
5UT7Y6=+mﬀ/1;?#+:/189?#+/1?ﬀ#/1-.!#ﬂ+m+:!#"m615 ﬁﬀv
>9!#": 9K BRKP5 [d57ﬂF5zTV57?Cﬁ
D
J3R0289+ ﬂF#! #"7ﬁ *#`6_5i/ 
ﬀ61
D
" ﬂ0#" ﬂ+ ?Cﬁ  !ﬀ? 57" ":*#*+ !ﬀ":[d57ﬂ

D
@9@ ×  D @9@; 2 D ﬂﬁQ6_5 [d5757" ":/1<ﬂ" X!#?S57" ":#+ !#",[d57  D  ×  D %ﬂ; 2 K 3P?S" 570#02616=-u!ﬀ 6_5
6189?ﬀ>9!#!ﬀ"#XIHG57-.!#X" /=+:ﬁﬃ576 +,ﬁ #ﬂ  ; b T989/="6_5 + ﬂﬂﬁﬃ/=89?'9K @CgJKG5 [\89" ;Oﬁ "ﬃ5702 ﬂ8 G5V615 ﬂﬁ 
IH#89/=+ /15 ﬁG?^#;%/=?#/1;/1+:"r6=+Jo Jﬁﬃ+# 
M87"  K
 5)+,ﬁﬃ" !ﬀﬂﬁﬃ!ﬀ" ﬁﬃ"ﬃ5V?#+ 0G5V" ?Cﬁ Q#! ﬂ" /1+,ﬁI576ﬀ0Mﬂ" ;ﬂﬁ610G5V+ +ﬃ5V>9#+ 0#H#8Vﬁﬃ89?#+ #+:/1?Cﬁ /161615Vﬁﬃ/=89?
D
ﬂ+
#":?#/1ﬂ" +ﬂﬁﬃ57?Cﬁ ;/1+G57?ﬀ+Q6=)#89;%57/1?#PTu/=+ / 
ﬀ617K#$r89;;%)6En /=6161!ﬀ+:ﬁﬃ":P6_5ﬃﬁ#>9!#"  9K 
D
IHG5V-u!ﬀ ":/1+,ﬁI576
+,ﬁﬂ?CT96=890#02m#

Ys***
D
!#? ﬁ#61; 02896 u;<": ; !#6=ﬁ /1ﬂ89!#IH#ﬂ+
D
 nA!#?#0G5V/1+ +:!#"X# CB
µ
; Jﬁ
Bﬀ
  " 89/=+ /1<ﬂ;%O0G57":ﬁ /1   ?k?ﬀ89!ﬀT957!eU576=89" /=;%<Jﬁﬃ" O61ﬂﬂﬁ " 89;%57>9?#Jﬁﬃ/=-u!ﬀP89;0#6=ﬂﬁI5V?.ﬁ6=)#ﬂﬁ Jﬁﬃ!ﬀ"
$'&)(ﬂﬁ #ﬂ#/1j 6ZnAJ3R02":/1?ﬀXw

$(
  9K
{
 $r89?ﬁ#>9!#"ﬃ5 ﬁﬃ/187?eﬀ!e?ﬀ89!ﬀT957!S576187" /1;<ﬂﬁ " Q61ﬂﬂﬁ " 89;%57>9?#Jﬁﬃ/=-u!ﬀw

$(2K
0Mﬂ" ;ﬂﬁ:ﬁI57?Cﬁ#0#/=>9ﬂ"6_5 61!ﬀ;%/=<" O#+ /=?Cﬁﬃ/16=6_5Vﬁ /189?%0#" 8u#!#/ ﬁﬃj 6ZnA/1?Cﬁ " /=!#"r#IHG57-.!#X" /=+:ﬁﬃ576ZK
ﬂ+ ":/1+,ﬁI57!R3[\89":;%ﬂ?.ﬁ #+ "ﬃ57?#>7+ " 0289+ 57?Cﬁ + !#" #(ﬁG?#ﬂ+ 0#6_5V-u!ﬀ+  n 57ﬂ/1"
/1?#8U3 uG5
#6=(ﬁﬀ3Rﬂ+
+ !#" ﬀ+ U57ﬀ" + ﬂ?%5V61!#;/1?#/=!#; b\T789/1" 61+ﬁ#>9!#" ﬂ+ 9K PJﬁ 9K
|
gJK  87ﬁﬃ87?#+ -.!#61+ 0#6_57-.!#ﬂ+ ?#0M87":ﬁﬃﬂ?Cﬁ
0G57+6=+ﬂ" /1+,ﬁI57!u3+ !ﬀ"ﬁ 89!ﬀﬁ )61!ﬀ"6189?ﬀ>9!#!ﬀ"
D
;%57/=++ ﬂ!#61ﬂ;%ﬂ?.ﬁﬂ?^61!ﬀ" +J3uﬁ " ;/=ﬁ +Xb\+ !#"!#?ﬀX6=89?Rv
>9!#ﬂ!#" nA?CTu/1" 87?
{
D
B ;;j IHG5V-u!ﬀX 3uﬁﬃ" ﬂ;%/ ﬁﬃUgJK# nA0G5V/1+ +:!#"#)IH#57-.!#0#6_57-.!#) n 57ﬂ/1ﬂ"+,ﬁQﬀ
 s*
µ
;eK  ?%;/1?#/=;%/=+ﬃ57?Cﬁ 6_5-u!#57?Cﬁﬃ/=ﬁ  n 5V/1ﬂ" 0#" ﬂ+ ?Cﬁ OG57?ﬀ+t6= 576187" /1;<ﬂﬁ " 
D
89?%;%/=?#/1;/1+:57/=?#+ /
6_5X0Mﬂ":ﬁﬃQ nA?#ﬂ" >9/=PG57?#+t#++,ﬁﬃ":!#ﬂﬁ !#" ﬂ+  /=?G57ﬂﬁ /=T7+ ﬃKﬀ5X#/1+:0M89+:/=ﬁ /189?%#+ﬂ" /=+:ﬁI5V!R3%G57?#+IH#57-.!#
U57ﬀ" mﬂ?*576=!#;%/=?#/1!ﬀ; 5kJﬁﬃ%IH#89/1+:/1 ﬁﬃﬂ6161-.!#%ﬁ 89!#+61+":/1+:ﬁﬃ57!R3l#%6_5^"ﬃ57?#>7m+:89?Cﬁ 576=/1>9?ﬀ+j
6Zn 5UT75V?.ﬁ bdﬂ?p89?CﬁI5Vﬂﬁ5UT9ﬂ 6_50G57":ﬁ /1 5zTV57?Cﬁ)ﬀ!YU57ﬀ" zg K , 5V"P57/=6161ﬂ!#" +
D
6_5%ﬀ/1+ 0289+:/=ﬁﬃ/=89?Sﬀ+P57#" ﬂ+
61ﬂ+!#?#+0G57"r"ﬃ570#0289",ﬁ 57!R3^5V!ﬀﬁﬃ":++,ﬁﬁﬃ6=61Q-u!ﬀX6En 87?]ﬁﬃ" 87!ﬀT9X57!;89/1?ﬀ+!#?^89/=?#)6_5 [d5V5UTV57?Cﬁ
#IHG57ﬂ!#?kﬀ+
{
s
{
":/1+:ﬁﬃ57!R3]89?#+,ﬁﬃ/ ﬁﬃ!G57?Cﬁ 61)576187" /1;<ﬂﬁ " QG57?#+!#?e; ﬂ;%)0ﬀ6_57?T9ﬂ":ﬁ /1U5V6ZK
 5896=61ﬂﬂﬁﬃ/=89?e#+P0ﬀH#87ﬁﬃ87?#+O# + /=?Cﬁﬃ/16=6_5Vﬁ /189?
D
;/1+ G57?ﬀ+P61X#89;%57/1?ﬀTu/=+ / 
ﬀ61
D
02":;%JﬁP n 57Jv
-.!#":/1"O6En /=?ﬀ[\89":;m5Vﬁ /189?^+:!#")6ZnA?#ﬂ" >9/= #ﬂ0M87+  0#57"P6_5%0G57":ﬁ /1ﬂ!#61/1?#ﬂ/1#ﬂ?.ﬁ  ﬂﬁP+ !#")615%618uU5V61/1+ 5Vﬁﬃ/=89?
bd+:89/=ﬁQ6ZnA/1#ﬂ?Cﬁﬃ/=ﬁ ﬀ!Y89!Y#ﬂ+P":/1+,ﬁI57!R3S87?#ﬂ" ?#ﬂ+IgO8 Yﬂ616= 5mJﬁﬃ#0289+ ﬂ7K , 89!#"PJo ﬂﬂﬁ !#"P615%6=Jv
ﬁﬃ!#":#ﬂﬂﬁ ﬁ /1?ﬀ[\87" ;%5Vﬁﬃ/=89?
D
#ﬂ+ &, wO+
D
[d5 
#" /=-u!ﬀ+ 0G57" 
O5V;m57;%5Vﬁ + ! Jﬁ 0#" ﬂ+ ﬂ?.ﬁﬃ57?Cﬁ!#?#+ !ﬀ":[d57ﬂ
57ﬂﬁ /=T7 #
5 × 5 ;%; 2 D +:89?Cﬁ0#6_57ﬂﬂ+X+:!#")6_5m[d5V 57":" /1<ﬂ"  ﬀ IHG57-.!#" /=+:ﬁﬃ576b &, w 0#57")":/1+,v
*
$rHG5V0#/=ﬁ "  9KS$r89?#ﬂ0ﬀﬁ /189?eﬂﬁ 87?#+:ﬁ " !#Jﬁﬃ/187?e n !#?eU5V6189":/1;<ﬂﬁﬃ":P6=Jﬁﬃ" 87;m57>7?#ﬂﬁ /1-.!#P0289!#"
6En  3ﬀ02":/1ﬂ?#Xw

$(
  9K B  (RIH#;%5 /1?ﬀ#/1-.!G57?Cﬁ*6=+`ﬀ/1;?#+:/189?#+ #+*ﬂ" /1+,ﬁI57!u3 #qﬁ !#?#>9+,ﬁI57?#5Vﬁﬃf#f0ﬀ6189;

b , 
 3
4
gJK
  9K   (RIH#;%5 ;%89?Cﬁ "ﬃ57?Cﬁ6_5 #/=+ 0289+ / ﬁﬃ/=89?]#ﬂ+Qﬂ" /1+,ﬁI57!u3+ !ﬀ" 6=+0#6157-.!#+ n 57/="ﬂK
ﬁI576_gJKﬀﬂ!#"" ﬂ?##;?CﬁQ-.!G57?Cﬁﬃ/=-u!ﬀ]b\"ﬃ570#0289",ﬁ#!k?ﬀ89;
#":XﬀX0ﬀH#87ﬁﬃ8 vN6=Jﬁﬃ" 87?#++ !#"61)?ﬀ89;
#":Xﬀ
0#H#87ﬁ 89?#+t/1?#ﬂ/1#ﬂ?.ﬁ +Ig +:ﬁr#O6En 87" #":Q#
|
* v
|
B  ]K.ﬂ!#"r>957/1?%ﬂﬁI5V?.ﬁ57+ +: O[d5V/ 
#6=
D
#Q6ZnA89" #":O#PB*
D
61ﬂ+t&,wQ++ 89?Cﬁ57+ +:8Rﬂ/1ﬂ+jﬀ+0#":U57;0#6=/ ﬁG5Vﬁﬃﬂ!#" +ﬂKﬀ$rﬂ+#ﬂ" ?#/=" +Tu/1?ﬀ?#?Cﬁrﬁ 89!#+t+nA/1?#+:" ﬂ"G57?ﬀ+
!#?# 57":ﬁ  ;%<ﬂ"  02" ;ﬂﬁ:ﬁI57?Cﬁ6En ﬂ?.T789/ # ﬂ++ /=>9?G57!R3Y# IHG57":>9 ﬂﬁ# ﬁ ;0#+)" ﬂ+ 02ﬂﬁ /=T7;?Cﬁ
j #+&Ow)$r+b  $#&%&

' )'+*,& +#&% -/  9
 gtﬂﬁﬀ+ w)$r+ b ﬀ  ﬃ' )'+*,& +#&% -/  9
 gJK
$r89?#+:/1#ﬂ"ﬃ57?Cﬁ6=+rTV57":/_5Vﬁ /189?#+?][\87?#ﬂﬁ /189?]ﬀP6_5ﬁ ;0Mﬂ"ﬃ5Vﬁ !#" Q#!ﬁI57!u3]#O+ /=?Cﬁﬃ/16=6_5Vﬁ /189? #ﬂ+":/1+,v
ﬁI57!u3YJﬁ#!p>C57/=?Y#+)&, wO+
D
615m+:ﬁﬃ5
#/16=/1+ 5Vﬁﬃ/=89?kﬂ?pﬁﬃ;02"ﬃ5 ﬁﬃ!#": #!pU5V6189":/1;<ﬂﬁﬃ":ﬂ+:ﬁﬂ+ + ﬂ?Cﬁﬃ/1ﬂ616=
ﬂﬁP5%ﬂﬁ  57+:+ !#": j ± * D  ◦ $ 0G57"Q!#?Y+ R+,ﬁﬃ<ﬂ;% ﬀ " J[\" 89/=#/1+:+ ;?CﬁQ89? !p0G57"Q61ﬂ+Q/=?#>9?ﬀ/1!ﬀ" +Oﬀ
6ZnAL ,  n 3P":+ﬃ5 9K

89/1ﬂ/R6=+ @P/1?R[\89" ;%5Vﬁﬃ/=89?#+'[\89!#":?#/1ﬂ+ 0G57" 6=r576189":/1;<ﬂﬁ " rﬂ61ﬂﬂﬁﬃ":89;%57>9?#Jﬁﬃ/1-.!#t+ !#" 6=+ 0#57":ﬁ /1!ﬀ61+
#ﬂﬁ Jﬁﬃﬂ+QJﬁ -u!ﬀ/'+ ":89?CﬁOﬀ/1+ 0289?#/ 
#61ﬂ+6187" +#6Zn 57?G5V6 u+ )#ﬂ+#89?#?#ﬂ+ #6ZnAJ3R02" /=?#ﬂﬂ 
fL wb  6   ﬀg ﬀ0Mﬂ" ;ﬂﬁ nA/1#ﬂ?Cﬁﬃ/ ﬁ#"IHG57ﬂ!#?S#ﬂ+" /=+:ﬁﬃ57!R3ﬁ 89!#IH#ﬂ+
D
f&Ow)$ b  $#&%&

' )'+*,& 1#&%ﬀ-/    9g  .#89?#?ﬀP6ZnA?#ﬂ" >9/=#0289+ ﬂPG57?ﬀ+rIHG57-.!#)ﬂ" /=+:ﬁI5V6
D
  w)$ b ﬀ  ﬃ'()'+*,& +#&%ﬀ-/  ( 7g C[\89!#" ?ﬀ/=ﬁt61ﬁﬃﬂ;%0#+t#T98962#+r0G57":ﬁ /1ﬂ!#61ﬂ+ﬀﬂﬁﬃﬂﬂﬁ +ﬂK

  " 89/=+ /1<ﬂ;%O0G57":ﬁ /1   ?k?ﬀ89!ﬀT957!eU576=89" /=;%<Jﬁﬃ" O61ﬂﬂﬁ " 89;%57>9?#Jﬁﬃ/=-u!ﬀP89;0#6=ﬂﬁI5V?.ﬁ6=)#ﬂﬁ Jﬁﬃ!ﬀ"
$'&)(ﬂﬁ #ﬂ#/1j 6ZnAJ3R02":/1?ﬀXw

$(
  7K
|
l(RIH#ﬂ;m5e nA!#? 57#" % n 5761!#;/1?ﬀ/1!#; 57ﬂ89;0G57>9?##-.!#6=-u!ﬀ+ ﬂ" /=+:ﬁI5V!R3MK '+ ﬁG?#ﬂ+
0#6_5V-u!ﬀ+  n 57ﬂ/1ﬂ" # zs*
µ
;  nA0#57/1+:+ !ﬀ" IHG57":>9ﬂ+ #m0289":ﬁ "61+":/1+:ﬁﬃ57!R3 + 89?Cﬁ " 0ﬀ" +:?Cﬁﬃﬂ+
?
W
57!ﬀ?#7K 3P?`TR/=+ !G5V61/1+:%ﬂ>C576=;?Cﬁ
D
?`Tu/18761ﬂﬁ
D
61+X[\":!#61ﬂ+ ?*0#6157+:ﬁ /1-.!#%896=61ﬂ+ jS6En 5UTV57?Cﬁ ﬀ
IHG57-.!#X":/1+:ﬁﬃ576 JﬁQ#57?#+61ﬂ+ -.!#6=61ﬂ++nA/1?#+:<" ﬂ?CﬁO6=+ﬁ 
#":+ 890ﬀﬁ /1-.!#+#!e+ u+,ﬁﬃ<;X#;%89?ﬀ/=ﬁﬃ87"ﬃ57>9VK
   9K
.
^(uIH#;%5ﬀ":/=TV57?Cﬁ 6_5 IHG5)!_?#":/1+,ﬁI576  &, w  0#" 57;0#61/ﬁGU5Vﬁ !#"  U57",ﬁﬃ;<" VK
Cs
$rHG5V0#/=ﬁ "  9KS$r89?#ﬂ0ﬀﬁ /189?eﬂﬁ 87?#+:ﬁ " !#Jﬁﬃ/187?e n !#?eU5V6189":/1;<ﬂﬁﬃ":P6=Jﬁﬃ" 87;m57>7?#ﬂﬁ /1-.!#P0289!#"
6En  3ﬀ02":/1ﬂ?#Xw

$(
  9K ﬀ,](RIH#ﬂ;m5 ;89?Cﬁﬃ"ﬃ5V?.ﬁr6_5 IH#5"!_?#O#!^#/1+:0M89+:/=ﬁ /=['ﬂ61Jﬁﬃ":89?#/1-.!#Pj 0G57":ﬁ /1"t#P6_5U57",ﬁﬃ);<" 
b lK OK g#!^U576=89" /=;%<Jﬁﬃ" O61ﬂﬂﬁ " 89;%57>9?#Jﬁﬃ/=-u!ﬀ
W
!#+ -.! n 57!R3e&Ow)$r+ ﬂﬁ w)$r+K
Q?^+ u+:ﬁ <;)#);89?#/=ﬁ 89"ﬃ5V>9Oﬂ89?#+:ﬁ /=ﬁ !#P nA!#?e6_57+:"Jﬁ nA!#?k":+:U57!^#ﬁ 
ﬀ" +890Rﬁﬃ/1-.!#ﬂ+5 ﬂﬁ 
;%/=+57!0289/=?.ﬁ57!^w&,QLN& (ﬀ5V6_5  	ﬀ/=6 02" ;ﬂﬁr#PT9ﬂ" /ﬁG"6=
289?][\89?#Jﬁﬃ/187?#?#;?Cﬁﬀ)IHG57!ﬀ?#
#+
{
s
{
T989/=+ #!S576187" /1;<ﬂﬁ " VKG5%61!ﬀ;%/=<" )ﬂ;%/=+ X0G57"61X6_5V+ "ﬂ+:ﬁOﬁ "ﬃ57?ﬀ+ 0289":ﬁ  0#57"#+$ﬁ 
#" ﬂ+
890ﬀﬁ /1-.!#+T9ﬂ" +61+X":/1+,ﬁI57!R3pﬂﬁ89? 8
ﬀ+ ",T9]6=++ /=>9?G57!u3c#%IH#57" >9ﬂﬁ# ﬁﬃﬂ;%0#+X0#":8R#!ﬀ/=ﬁﬃ+X0G57"
IHG57-.!#T989/=)#!eU576=89" /=;%<Jﬁﬃ" VK
ﬂ+ﬁG>9!#":+9K
.
ﬂﬁ 7K ﬀ ;89?Cﬁﬃ":?Cﬁ61ﬂ+#!u30G57",ﬁﬃ/=+#)615 IHG5"!1?#)#!#/=+ 0289+ / ﬁﬃ/ [;%/=+r?^0#6157
0M87!#" 61/=" t61+ +:/1>9?#57!R3 >7?#ﬂ" + 0G5V" 61576189":/1;<ﬂﬁ " 61ﬂﬂﬁ " 89;%57>9?#Jﬁﬃ/=-u!ﬀw

$(  9":+ 02Jﬁﬃ/ T9;?Cﬁ
D
#!^":/1+:ﬁﬃ576j 6_5 57":ﬁ X;<":
D
Jﬁ #6_5 U57",ﬁﬃ);<":5V!R3^&PwP$r+QJﬁ  wP$r+K
 5$ﬁG>9!#":9K *O;89?Cﬁﬃ" r6_5Q+,ﬁﬃ":!#ﬂﬁ !#" ;57?#/1-.!#r#! U576=89" /=;%<Jﬁﬃ":tﬂ61Jﬁﬃ":89;m5V>9?#ﬂﬁ /1-.!#rw

$(2K
3P?lTu/1+:!G5761/=+  6En ﬂ?#+ ﬂ;
#61#ﬂ+
{
s
{
":/1+,ﬁI57!R3cﬀ/1+ 0289+:+ +:!#"X61+XU5V#" ﬂ+  n 5761!ﬀ;%/=?#/1!#;eK 5^0G57",ﬁﬃ/1
j 6Zn 5UTV57?Cﬁhbdﬂ?f>9" /=+Ig +,ﬁIHG57":>9p#S" ﬂﬂT789/1"]Jﬁ>9!#/=#"61ﬂ+ ﬁ 
#":+]870ﬀﬁﬃ/=-u!ﬀ+]#!f+ u+:ﬁﬃ<ﬂ;%pﬀ
;%87?#/=ﬁ 89"ﬃ57>77Kt'
28&!1ﬁ /1ﬂ"pbdﬂ?a;%57":" 89? gm0ﬀ6_57ﬂp+ !#"^6_5*0G5V":ﬁﬃ/=Y+ !ﬀ0Mﬂ" /1ﬂ!#" l5*0M87!#"][\89?#Jﬁﬃ/187? ﬀ
89?ﬀ?#Jﬁﬃ"e6_5`Tu/1?ﬀ>7ﬁI57/=?#p#cU570Rﬁﬃ!ﬀ" +^ﬁﬃH#ﬂ" ;/1-.!#+^":0G57",ﬁﬃ/=+kjF6ZnA/1?Cﬁ " /=!#"ﬀ!a576189":/1;<ﬂﬁ " YJﬁ
61ﬂ+ 


#6=+O 3uﬁﬃ":/1ﬂ!#" +QIHG57" >7+OﬀXﬁ "ﬃ57?#+:;%Jﬁ ﬁ "  6En /=?ﬀ[\89":;m5Vﬁ /189?m+ !#" 6_5 ﬁﬃﬂ;%02" 5Vﬁﬃ!#":7K2'+Q-u!#5Vﬁﬃ":
0G57?#?ﬀU57!R3`b\? 
#6=!k6_5V/1"Ig#6_5 U57",ﬁﬃ;%<ﬂ" X0M89",ﬁﬃﬂ?.ﬁO61ﬂ+Qﬂ89?#?#ﬂﬂﬁﬃﬂ!#" +)ﬀ+:ﬁ /1?#ﬂ+P57!u3S


#6=+Oﬀ
+ /=>9?G57!R3]ﬂﬁ  n 5761/=;%ﬂ?CﬁI5Vﬁ /189? K
 5 ﬁG>7!#"  9K^;%89?Cﬁ " 6Zn 57+:0MﬂﬂﬁﬂﬁG?G576Xb\H#89":+/=+ 89615Vﬁﬃ/=89? ﬁ H#":;%/=-u!ﬀe 3uﬁﬃ":/1ﬂ!#" Ug #! U5V6189":/ v
;%<Jﬁﬃ":m6=Jﬁﬃ" 87;m57>7?#ﬂﬁ /1-.!#]w

$(MK 3P?`Tu/1+:!G576=/1+ 61m/1":!#/ ﬁ ﬀ" ﬂ[\":89/1ﬀ/1+ +:;?Cﬁ ﬂ/1":!#6157?Cﬁ + !ﬀ"
ﬁﬃ89!RﬁﬃO615+:!#":[d57ﬂ)#!]576189":/1;<ﬂﬁ " 
D
57/=?#+ /2-.!#P6=+r-.!G5 ﬁﬃ"   
#" 57+ QIHG57":>9+ﬀP" ﬂ61/1ﬂ"t6=O576189":/1;<ﬂﬁ " 
j 6Zn 57/1;%57?Cﬁ+:8961ﬂ?#8 #576 -.!#/+,ﬁ #ﬂ" /=ﬁ#57?#+6_5 + ﬂﬂﬁ /189?^+ !ﬀ/=TV57?CﬁﬃVK
&!ﬁG?*#][d5V/1" 6_5k#/1+,ﬁﬃ/1?ﬀﬂﬁﬃ/=89? ﬂ?Cﬁﬃ" 6=+ 576187" /1;<ﬂﬁ " ﬂ+ﬂ61Jﬁﬃ":89;m5V>9?#ﬂﬁ /1-.!#ﬂ+ #^$'&P(*Jﬁ 61
U576=89" /=;%<Jﬁﬃ":Ow

$(
D
)ﬀ" ?ﬀ/1"+:" 5 0#57":[\89/=+570ﬀ0Mﬂ61! 576187" /1;<ﬂﬁ "  6=ﬂﬁ " 89;%57>9?ﬀﬂﬁﬃ/=-.!#O/=?.ﬁ ":?#
bdL,$ 0M89!ﬀ" - #&%   7gtG5V?#+6_5 + !ﬀ/=ﬁﬃ#!e;%57?.!#+ ﬂ" /=ﬁK
9@
  " 89/=+ /1<ﬂ;%O0G57":ﬁ /1   ?k?ﬀ89!ﬀT957!eU576=89" /=;%<Jﬁﬃ" O61ﬂﬂﬁ " 89;%57>9?#Jﬁﬃ/=-u!ﬀP89;0#6=ﬂﬁI5V?.ﬁ6=)#ﬂﬁ Jﬁﬃ!ﬀ"
$'&)(ﬂﬁ #ﬂ#/1j 6ZnAJ3R02":/1?ﬀXw

$(
 9K *  (uIH#;%5P" ﬂ0#" ﬂ+ ?Cﬁﬃ57?Cﬁt615Q+,ﬁﬃ" !ﬀﬂﬁﬃ!ﬀ" ;U5V?#/1-.!#t#! U576=89" /=;%<Jﬁﬃ":ﬂ61ﬂﬂﬁﬃ":89;%57>9?#Jﬁﬃ/1-.!#
w

$(MK
  9Km(RIHﬀ;%5 ;89?Cﬁﬃ" 57?Cﬁ6En 57+:0Mﬂﬂﬁﬁ#?G576 b\H#89":+/1+:896_5Vﬁ /189? ﬁﬃHﬀ" ;/1-.!#OJ3uﬁﬃﬂ" /1ﬂ!#" Ugr#!U5V618Vv
" /=;%<Jﬁﬃ" O61ﬂﬂﬁ " 89;%57>9?#Jﬁﬃ/=-u!ﬀ)w

$(MK

{
$rHG5V0#/=ﬁ "  9KS$r89?#ﬂ0ﬀﬁ /189?eﬂﬁ 87?#+:ﬁ " !#Jﬁﬃ/187?e n !#?eU5V6189":/1;<ﬂﬁﬃ":P6=Jﬁﬃ" 87;m57>7?#ﬂﬁ /1-.!#P0289!#"
6En  3ﬀ02":/1ﬂ?#Xw

$(
  
 e   ^t	    	N  X	ﬂ     Xﬂ
 ^      	  p

	 e 

	 
	
 ﬀﬂﬁﬃ	 !"ﬁ$#%&')(ﬀ*+!ﬀ,ﬀ-.ﬁ0/1	'*+243	,5,6/
 ?^0G5V"ﬃ576=61<6=Oj 6En /=?.ﬁ >9" 5Vﬁﬃ/=89?mﬀ!e?ﬀ89!ﬀT957!eU576=89" /=;%<Jﬁﬃ"  6=Jﬁﬃ" 87;m57>7?#ﬂﬁ /1-.!#P-.!#/'5 0289!#"" "961
#e#ﬂﬁ ﬂﬁ "%61+0#H#8Vﬁﬃ89?#+;/1+ T7" +%6Zn 5UT75V?.ﬁ
D
!#?f57/=;m5V?.ﬁ +:8961ﬂ?#8ZG576+ !ﬀ0#"ﬃ57ﬂ89?##!ﬀﬂﬁﬃﬂ!#"]5cﬂﬁ 
89?ﬀ+:ﬁﬃ":!#/=ﬁ bd57! w&,  LN& (ﬀ5V6_5 ﬀg^5 ﬁG?  n Jﬁﬃ": /1?ﬀ+:ﬁI5V6161Y57!ﬀﬁﬃ87!#"^#l615 ﬂ/ 
#6=7K  ?#c89?Cﬁﬃ" 57/1?Cﬁ 
0#" 870#" 57!u3 J3R02":/1?ﬀ+ﬂoMJﬁﬃ!#ﬂ+t5UT9#ﬂ+ [d57/1+:U5V!R3  nA6=Jﬁﬃ" 87?#+ +,ﬁt-.! nA/16R[d57!ﬀﬁ ﬁ ?#/=" 89;0ﬀﬁﬃ
#! 
#" !#/ ﬁ#[\89?#m/=;%0289",ﬁI57?Cﬁ -.!# 89?ﬀ+:ﬁﬃ/ ﬁﬃ!# 6_5)#/ o !ﬀ+ /187? 879616=" b
ee→ ee g D 7K v j vN K9615Xﬀ/=oM!#+ /=89?
#+6=Jﬁﬃ" 87?#+tﬀ!%[d57/=+ 57!+ !#"ﬂ!R3%#!%ﬂ89":ﬁ <>9 6=Jﬁﬃ" 87?#/1-.!# #+t5Vﬁ 89;%ﬂ+ #Q615)/ 
ﬀ617K  ?%ﬂoMﬂﬁ
D
61ﬂ+ 6=ﬂﬁ " 89?ﬀ+ #! [d57/1+:57! /1?#ﬂ/1#ﬂ?Cﬁ + !)
ﬀ/1+ +:?Cﬁ?#89? +:!#6=;?Cﬁ 6_5Oﬀ/=oM!#+ /=89? 0G57" 61+ ?.!#ﬂ61ﬂ89?#+ bd-.!#/
+,ﬁ ?#8Vﬁﬃ"  0#":/1?#ﬂ/10G5V6 + 89!#": nA/1?Cﬁﬃﬂ" ﬂﬁ0289!#"ﬂﬁ !##/1ﬂ"615+:ﬁﬃ":!#ﬂﬁ !#" #!l?u!ﬀ61ﬂ89? g)89?ﬀ+:ﬁﬃ/ ﬁﬃ!G5V?.ﬁ6_5
/ 
#61
D
;%57/1+Q>C5V61;?Cﬁ)ﬂ6=61 /=?##!#/ ﬁﬃ 0#57"P61ﬂ+P6=Jﬁﬃ" 87?#+57!ﬀﬁ 89!#"P#ﬂ+)?#8 C57!u3 K'ﬂ+)61ﬂﬂﬁ " 89?#+)ﬀ
" ﬂ!#6R57/1?ﬀ+ /C":ﬂ+ + 89?Cﬁ 570#0261ﬂ+
ﬂ61ﬂﬂﬁﬃ":89?#+ 9796=61"
D
ﬂﬁ
;m5V61>9":6=!#"'[d57/ 
#61 ﬂ?#":>9/1
D
/=61+" ﬂ0#" ﬂ+ ﬂ?.ﬁ ?Cﬁ
!#? 
#" !#/ ﬁ'# [\89?#87?#+ /=#" 5
#61 JﬁI57?Cﬁ #89?ﬀ?#t6=!#"'?ﬀ89;
#": bd0#6=!#+ /=!#":+ ;/16=61/=" +202?#G5V?.ﬁ ∼  s*?#+ D
61 ﬁﬃﬂ;%0#+ nA89!ﬀT9ﬂ":ﬁ !#" ]ﬀm6_5e0M87":ﬁﬃ#ﬂ+ IHG57;
ﬀ" + jk#ﬂ" /=T7
D
jk!#?#m61!#;/1?#87+ /=ﬁ  ﬁu0#/1-.!#]0289!#"
$'&)(eﬀ  * 34 ; −2 + −1 D 0G5V"Q 3ﬀﬂ;%0ﬀ61zgﬂﬁO0Mﬂ!ﬀT9ﬂ?Cﬁ)?#8 9ﬂ"O87;%0#6=<ﬂﬁ ;?CﬁO6150ﬀ" ;/1<ﬂ" " ﬂ>9/187?
#+IH#57;
#":+j #":/=T7)+ 89!#+6=!#"r-u!#57?Cﬁﬃ/=ﬁ 7K#LN62[d57!ﬀﬁﬀ89?#)0#/=>9ﬂ"ﬂ+ ﬂ61ﬂﬂﬁﬃ":89?#+97 6161ﬂ"
D
#89?Cﬁ6_5
U57" 57ﬂﬁ ":/1+:ﬁ /1-.!#X+,ﬁ)!#?#" 615Vﬁﬃ/ T9X[d57/ 
#6=?#ﬂ" >9/=b\ﬁu0#/=-.!#;?CﬁPﬀ 6ZnA89" ﬀ" X# -.!#ﬂ61-.!#+e

gJK
$rﬂ/R+:t[\" 5 # 	 ;:   
D
>9"

tjQ!#? IH#57;%0+ 896=?#8  G576. nA?CTu/1":89? B  
ﬂ+ 6_5
D
>7?#ﬂ" 57!Rﬁﬃ89!#"
#^6_5h/ 
#61Jﬁm-.!#/TV5cﬂ89?ﬁG?ﬀ"mﬂ+6=ﬂﬁ " 89?ﬀ+ 97 6161ﬂ" # 
G57+ +:kﬂ?#":>9/1k57!ﬀﬁ 89!#" #e6Zn 5 3R^#!
[d57/1+:57! ﬂ? 61+ [d57/1+ 57?Cﬁ +:0#/1" 5761ﬂ" 5V!ﬀﬁﬃ89!ﬀ" #ﬂ+ 61/=>9?#+ #tIHG57;0 ﬂﬁ 57/1?#+:/R6=+
;0 ﬂIH#" ﬀ0Mﬂ?#ﬂﬁ " ﬂ"
G57?#+61ﬂ+ #ﬂﬁ ﬂﬁ !#":+87?#+:ﬁ /=ﬁﬃ!#57?Cﬁ$'&)(
D
ﬂ?m0G5V":ﬁﬃ/=!#6=/1ﬂ" 61+ IHG5V;
#" ﬂ+jX#":/=T9VKu 587?#ﬂ0ﬀﬁﬃ/=89?
#ﬂ+ 896=?#8Z#5PJﬁﬃ0#":/1+ ﬂ? IHG57":>90G57" 6=>9":89!#02#!%(, H  (ﬀ57ﬂ6_5 /1;0#61/=-u!ﬀtG5V?#+ 610ﬀ" 8
W
Jﬁ
w

$(MK
	
=< >?ﬀ*+A@B	ﬂﬁ$ 	ﬀ*C(&D&@	ﬀ,E#	ﬂﬁF*0	,!ﬀHGI('	,
$r+:8961ﬂ?#8 ﬀ)+ !#0#" 5787?##!#Jﬁﬃ!ﬀ"O+,ﬁ 89;0M87+ #X#!R3 
28
#/=?#+ﬂ89?#ﬂ?Cﬁﬃ" /=-.!#+ﬂKM5ﬂ
M8
#/1?#
/1?Cﬁﬃﬂ" ?# 0ﬀ" +:?Cﬁﬃ%!#?# + ﬂﬂﬁ /189?hﬁﬃ" 570M  8ZG576=7K 5 
28
#/1?ﬀ J3uﬁﬃﬂ" ?#
D
-.!G5V?.ﬁ j6=61
D
0#" ﬂ+ ﬂ?.ﬁ m!#?ﬀ
+ ﬂﬂﬁﬃ/=89?m":JﬁI57?#>7!#6_57/=" 
D
ﬂﬁt+ﬃ5X[\87?#ﬂﬁ /189?+,ﬁ6_587;%02?#+ 5Vﬁﬃ/=89?#!]IHG57;0mﬀ [\!#/ ﬁﬃQ5 ﬁG?%#O6=/1;/=ﬁﬃﬂ"
61ﬂ+ Jo 87":ﬁﬃ+Q;%ﬂU57?ﬀ/1-.!#+ + !ﬀ"Q6En 57/=;m5V?.ﬁﬁ 89" 8  G576 # $'&)(2KM'ﬂ+O#ﬂ!R3 
M8
ﬀ/1?#ﬂ+Q+:89?CﬁO;89?Cﬁﬃﬂ+Oﬂ?
+ ﬂ" /15 ﬁG?kﬀXﬂ89?Cﬁﬃ" "961ﬂ"61)IHG57;0^?kU57+#J: 
LK
K
 ﬀﬂﬁﬃﬂﬂﬁ !#" $'&)(Y0M87+ + <ﬂ##
W
j
D
G57?#++ﬃ5ﬂ89?ﬁG>9!ﬀ"ﬃ5Vﬁ /189?p+,ﬁI57?##57" 
D
!ﬀ?l5V/1;%57?Cﬁ)#89?Cﬁ61
" "96=+:ﬁO# ﬂ89?ﬁG?ﬀ" # 	 ;:   r61+Q6=ﬂﬁ " 89?ﬀ+ 9796=61ﬂ"KGLN6 +n 57>9/=ﬁ  nA!#?Y;/1?ﬀ/ v ﬁ 89" VKG n /=?CﬁﬃJv
>9"ﬃ5 ﬁﬃ/187?#!S?#87!ﬀT957!S576189":/1;<ﬂﬁ " Pﬂ61Jﬁﬃ":89;m5V>9?#ﬂﬁ /1-.!#57!e+ ﬂ/1?e# $&P(e#ﬂ;m5V?###X>9?#ﬂ" ﬂ"
!#?IHG57;0;%57>9?#Jﬁﬃ/1-.!#O0#61!#+t[\89":ﬁ-.!#) n HG5 
#/=ﬁ !##P#);%57?#/=<":Pj 8
ﬀﬁ ?#/="!#?^87?ﬁG?#ﬂ;%ﬂ?.ﬁ;%5 v
MONPRQRSTVUXWZYH[]\_^"`IUa5bc`I^=\dUXWeWZ^=fVg"YVPhTVidYdjXT5Wﬀ[]\d^"abdU]gZYVkX`ITVUXW"lcYUIYV^=\dUcWL`IU'amn\_S[oW=^ZfgLQRS[nbc^;W\_UXWVjX`IU\_QRSp\_UXW
gZ`I[I^\dabdU]qr`naOWZTV`I^	[sT`rWpqrTVidTU]Qh^ﬂQhU]g;W=\dtIPRTT5WpgZTqrYam]\_^=ldTV^	^=\d[IQuqrTSTUXWTVUEPRQhtsY^\_UXWqITPu\vam]\dPhTV`I^VwyxBUE[]\d^ZPRT
\dPhbc^=g6qrToz{]|5}~=rw
CB
  " 89/=+ /1<ﬂ;%O0G57":ﬁ /1   ?k?ﬀ89!ﬀT957!eU576=89" /=;%<Jﬁﬃ" O61ﬂﬂﬁ " 89;%57>9?#Jﬁﬃ/=-u!ﬀP89;0#6=ﬂﬁI5V?.ﬁ6=)#ﬂﬁ Jﬁﬃ!ﬀ"
$'&)(ﬂﬁ #ﬂ#/1j 6ZnAJ3R02":/1?ﬀXw

$(
  9K zs (RIHﬀ;%5ﬂ?kﬂ89!#02Xﬀ!k?#87!ﬀT9ﬂ6
5V/1;%57?Cﬁ+ 8761?ﬀ8 G5V6ZK
>9?#Jﬁﬃ/1-.!#Q0#61!ﬀ+%-U5V7K#O?#89!ﬀT76'57/=;m5V?.ﬁt+ 8761?ﬀ8 G5V6
D
-.!#/ +:"ﬃ5 570G5
ﬀ61P#Q[\89!#" ?ﬀ/1"!#?IHG57;0
;m5V>9?#ﬂﬁ /1-.!#P0289!ﬀTV57?Cﬁ;89?Cﬁﬃﬂ"
W
!#+ -.! n j 0#" ﬂ+ -.!# B  
ﬂ+ 6_5
D
" ﬂ;%0#6157ﬂ"ﬃ5 6=P;%/=?#/ vZﬁﬃ89":Q#57?#+61Pﬀ/1+,v
0M87+ /=ﬁ /=[ 3ﬀ02":/1;?CﬁI5V6'#6ZnAJ3R0Mﬂ" /=?#ﬂw

$(MK
LN6 ﬂﬁﬃ57/=ﬁpﬂ>C576=;?Cﬁp0289+ +:/ 
#6=` nA!ﬀﬁﬃ/=61/1+:"k!#? 57!ﬀﬁﬃ":*57/=;m57?CﬁSJ3R/1+,ﬁI57?Cﬁcﬂﬁh#
W
jq!ﬀﬁﬃ/=61/=+  6=89" +
 n 57!ﬀﬁﬃ":+J3R02":/1?ﬀ+#! 
O576=6  '!#? 5V/1;%57?Cﬁ)89?ﬀ+:ﬁﬃ/ ﬁﬃ!# #ﬂ
28
#/=?#+# 
Qﬂ61;H#896 ﬁ 
D
U570#5
#61
>C5V61;?Cﬁ#[\89!#":?#/1" !#?%IHG57;0m;%57>9?#Jﬁﬃ/1-.!#/=?.ﬁ ?#+:7K S57/=+/=6 5Jﬁﬃ IH#89/1+:/ #Qﬂ89?#ﬂﬂT987/1"rJﬁrﬀ
89?ﬀ+:ﬁﬃ":!#/1": ﬂ + 896=?#8Z# ﬀ89?Cﬁ)6Zn 5UT75V?.ﬁﬃ57>90#" /=?#/=0G576 + " 5]+ 89?h5V?#>961 nA89!ﬀT9ﬂ":ﬁ !#" eb\6_5m+:89":ﬁ /1 ﬀ
6_5 IH#57;
#":Xﬀ)#/=oM!#+ /=89? g # * ◦ D -.!#/ +:ﬁ$
#/=?0#6=!#+6_5V" >9P-.!#)ﬂ6=!#/ #6Zn 57/=;m57?Cﬁt89?ﬀ+:ﬁﬃ/ ﬁﬃ!#)ﬀ

M8
#/1?#ﬂ+ #
Q6=;%Hﬀ896=ﬁ -.!#/ +:ﬁt#
{
B ◦ K.wO57?#+61U57ﬀ" # 6ZnAﬂﬁﬃ!ﬀ##Q615)" U5Vﬂﬁﬃ/=89? ep→ epγ D ﬂﬂﬁ
57?#>96= n 87!ﬀT9ﬂ":ﬁﬃ!ﬀ"  ﬂ61JT9 02":;%Jﬁ ﬁ "ﬃ5 6_5 #ﬂﬁ ﬂﬁ /189?k#+Q0#" 8Vﬁﬃ89?#+ #X" ﬂ!#6 #X0#61!#+[d57/ 
#61)/=;%0#!ﬀ6 v
+ /=89?
D
Jﬁ
ﬀ89?#  nA6_5V" >9/=" 61 #87;m57/=?# # /=?#;%5Vﬁ /1-.!# 8
#+:",T97K , 61!ﬀ+ 0ﬀ" ﬂ/1+:;?Cﬁ
D
ﬂ6_502" ;ﬂﬁ:ﬁﬃ" 5
6Zn 57ﬂ<+ 57!R3]0MJﬁﬃ/ ﬁﬃ+
t
b
t
JﬁI57?Cﬁ 61)57" ":XﬀX615 -.!G57#":/ vN/=;%0ﬀ!#61+:/189?ﬁﬃ"ﬃ5V?#+:[\ﬂ" 57!^0#":87ﬁﬃ89?GgJK
  
   X      q     	ﬂ     t   	 ﬁ%


	  
Q?Y0#":87ﬁﬃ8VﬁR02 0289!#"Q61XU576=89" /=;%<Jﬁﬃ" X5mJﬁﬃ ﬂ89?#+,ﬁﬃ" !ﬀ/=ﬁPJﬁOﬁ +:ﬁ  + 89!ﬀ+P61[d57/1+:57!Y# $r&
?e#ﬂ;
ﬀ" s**9@RK#LN6'ﬂﬁﬃ57/=ﬁﬂ89?#+,ﬁﬃ/=ﬁ !##ﬂ ** ":/1+,ﬁI57!R3#)ﬁﬃ!#?#>7+:ﬁI5V?G5Vﬁﬃ#0#6=89;
 , 
 3
4
K
ﬂ+
ﬂ61ﬂﬂﬁﬃ":89?#/=/1ﬂ?#+'#6ZnAL ,F n 3P" + 5 89?Cﬁ
0#57":ﬁ /1/=0M 57ﬂﬁ /=T9ﬂ;%ﬂ?Cﬁ 57!X#JT96=890#02;?Cﬁ
# #!R3
ﬁu0Mﬂ+O#0#" 57;%0ﬀ61/ ﬁ#U5Vﬁ !#":+   	  0
   ﬂﬁ9#)
 

   JK 'ﬁ +:ﬁQ+ 87!#+Q[d57/=+ ﬂU57!k#!
0#" 8Vﬁﬃ87ﬁu02m5eﬂﬁﬃ%6ZnA8RﬂU57+:/189?c#ﬁﬃ+,ﬁﬃﬂ" 61ﬂ+ﬀ!R3cﬁu0Mﬂ+ #0#" 57;0#61/ﬁGU5Vﬁ !#":+Jﬁ ﬀm87;%0G5V" "
61ﬂ!#" +%0Mﬂ":[\89":;m57?ﬀ+%" ﬂ+ 02ﬂﬁ /=T7+G57?ﬀ+]#+m89?#ﬀ/=ﬁﬃ/=89?#+" ﬂ616=+ nAJ3R0Mﬂ" /=?#ﬂh5 ﬁG?q#S#ﬂ/1#ﬂ"
61ﬂ-u!ﬀ6 #+#!u3lﬁu02+#%0ﬀ" U5V;%0#6=/ ﬁG5Vﬁﬃﬂ!#" +/=6 [d57616157/=ﬁOIH#89/1+:/1"ﬂK Q89!#+ 5UT989?#+ ﬁG?G576=;?CﬁX890ﬀﬁ 
0M87!#"6=+0#" 57;%0ﬀ61/ ﬁ#U5Vﬁ !#":+#%ﬁR029#)
 

   ]57" /=61+XﬂﬁI5V/1?Cﬁ 0#61!#+"ﬃ570ﬀ/1#ﬂ+bZs *k?#+ ﬀ
ﬁﬃﬂ;%0#+ #;%89?Cﬁ zg
D
 -.!#/ jIHG57" >7 >95761+ Xﬁﬃ" 57#!#/ ﬁO0G5V"Q!#?k+ ﬂ!#/16?S?#ﬂ" >9/=0#6=!#+$
G57+O0289!#"
61ﬂ+ w)$r+QJﬁ !#?#0M87":ﬁﬃ&Ow)$ 0#6=!#+ﬂﬁ " 89/ ﬁﬃ7K

+        
.   ﬃ 


ﬀﬀﬁ   -   
(

ﬁﬃ
 	  
!
ﬃ
ﬁ"   #

!
$ &
7 8
+ .
  	





 	ﬂ 
)	
ﬂ+k 3R0Mﬂ" /1ﬂ?#ﬂ+S#c0#H/u+ /=-u!ﬀl;ﬂﬁ:ﬁI57?Cﬁe?
W
! ﬀ+e0G57":ﬁ /1ﬂ!#61ﬂ+#lH#57!ﬀﬁﬃc?ﬀ" >7/1hﬂﬁﬃ57?Cﬁ
#ﬂT7?.!#ﬂ+
D
57! ﬁG6#!*ﬁ ;0#+
D
ﬀ0#61!#+ ?F0#61!ﬀ+ 89;0#61 3R+ ﬂﬁjY>7"ﬃ57?#ﬀIH#ﬂ6161
D
61m" "96=m#^6_5
+ /=; !#6_5 ﬁﬃ/187?m+,ﬁ #ﬂT7?.!Y+:+ ﬂ?.ﬁ /1ﬂ6ZK
 ?eﬂoMﬂﬁ
D
#;m5V?#/1<ﬂ" )>9ﬂ?#" 5761
D
6_5 +:/1; !#615Vﬁﬃ/=89?]02":;%Jﬁ#ﬂ 
fﬂ89?#JT989/="ﬂﬁ 890ﬀﬁ /1;/1+ ﬂ"61ﬂ+#ﬂﬁ Jﬁﬃ!ﬀ" +
D
f#JT9ﬂ61890#02" ﬂﬁﬁ +:ﬁ "61ﬂ+0#" 87>9"ﬃ57;;+#" ﬂ89?ﬀ+:ﬁﬃ":!#ﬂﬁ /189?eﬂﬁ n 57?#576 u+ 
D
f/=?.ﬁ ":0#" Jﬁﬃ" 61ﬂ+#89?#?#ﬂ+QJ3R0Mﬂ" /=;%ﬂ?.ﬁﬃ5761ﬂ+" ﬂ!#02" ﬂ+P>7"

ﬂ5V!S#JﬁﬃJﬁﬃﬂ!#"Qﬂ?S6=+ 89;0G5 v
" 57?CﬁO5V!R3^#89?ﬀ?#ﬂ+Q+:/1; !#6=ﬂ+K
, 57":;%/M61ﬂ+#/=oM":?Cﬁﬃ+0#":89>9" 57;%;+r#)+ /=; !#6_5 ﬁﬃ/187?m#/=+ 0289?#/ 
ﬀ61+
D
ﬁG>7!#" )6=)0#" 89>7"ﬃ57;;%

 &   
-.!#/ TV5 ;%57/=?.ﬁ ?G5V?.ﬁ Jﬁﬃ":X0ﬀ" +:?CﬁﬃVK
   




 


X 



	ﬂ 
)	 


    
'	 ﬁ%

  
)  	 ﬁ%


 &   bd0289!#"ﬁﬀﬃﬂ       06    #

) :#g ﬂ+:ﬁ !#? 0#":89>9" 57;%; #! $ 2  
{
 u02":;%Jﬁ ﬁI5V?.ﬁ
 nAﬂoMﬂﬁ !#"Q6_5 #+:":/10ﬀﬁ /189?eﬂﬁO6_5 + /1; !#6_5Vﬁ /189?ﬀ#Jﬁﬃﬂﬂﬁﬃﬂ!#" +O# 0G5V":ﬁﬃ/=!#6=+ﬂKGLN6[\87!#" ?#/ ﬁ 61+ /1?R[\89",v
;m5 ﬁﬃ/187?#+P61/=ﬂ+57!l0#57+ + 57>9 #0G57":ﬁ /1ﬂ!#61ﬂ+)61ﬂ;%ﬂ?CﬁI57/=" +jﬁﬃ" 5UT9":+615;m5Vﬁ /1<ﬂ" 7K'$r0ﬀ" 89>9" 57;;%
ﬁﬃ":89!ﬀT9Q57!
W
87!#"  nAH.!#/ #+r570#0#6=/15Vﬁﬃ/=89?#+ ﬂ?m#ﬂH#89" +#!%#89;%57/1?## 6_5)0#H/u+ /=-.!#O#ﬂ+rHG5V!ﬀﬁﬃﬂ+tﬂ?#" v
>9/1ﬂ+0M89!ﬀ"
6=-.!#6./=6.5zTV57/ ﬁ ﬂﬁﬃ87? ! K  ? Jo Jﬁ
D
/16C02!ﬀﬁ ﬂﬁ " >C576=;?Cﬁ !ﬀﬁﬃ/=61/=+  G57?ﬀ+ #ﬂ+
#87;m57/=?#+
ﬁﬃﬂ61+-.!#6_5 ;#ﬂ/1?ﬀ
D
615ﬂ
ﬀ/1896=89>9/1
D
615 "ﬃ57ﬀ/1890#":87ﬁﬃﬂﬂﬁ /189?
D
6Zn 57+:ﬁ " 89?#57!ﬀﬁﬃ/=-.!#
D
ﬂﬁﬃVK
 5hﬁﬃ89!RﬁﬃS0ﬀ" ;/1<ﬂ" ^T9ﬂ" + /=89?q#

 &  " ﬂ;%89?Cﬁ Yj  ﬀ
|V{
Jﬁ]?#k0Mﬂ" ;ﬂﬁ:ﬁI57/ ﬁ%-.! nA!#?#S+ / v
; !#615Vﬁﬃ/=89?kﬁ " <++:89;%;%57/=" 7KM' 0#" 87>9"ﬃ57;;

 &   @e5mTu!l6=
W
89!#")ﬂ?  ﬀ
.
smﬂﬁX5ﬂﬁ  ﬂ" /=ﬁﬂ?
6_57?ﬀ>C57>9.302   2& XK#LN65Jﬁﬃ#JT96=890#0202?ﬀG57?Cﬁ #?#89;
#":!#+:+Q57?#?#ﬂ+
D
615 T9":+ /=89?k615 0#61!ﬀ+

|
  " 89/=+ /1<ﬂ;%O0G57":ﬁ /1   ?k?ﬀ89!ﬀT957!eU576=89" /=;%<Jﬁﬃ" O61ﬂﬂﬁ " 89;%57>9?#Jﬁﬃ/=-u!ﬀP89;0#6=ﬂﬁI5V?.ﬁ6=)#ﬂﬁ Jﬁﬃ!ﬀ"
$'&)(ﬂﬁ #ﬂ#/1j 6ZnAJ3R02":/1?ﬀXw

$(
" ﬂ?Cﬁ Pﬂﬁﬃ57?Cﬁ6_5)T9ﬂ" +:/189?@RK s7K, !#/=+
D
j615 ﬁG?]ﬀO6Zn 57?#?ﬀ  ﬀﬀ .
D
6=Q0#":89>9" 57;%;

 &    { 5[d57/=ﬁ
+ 89?]570#0G57":/=ﬁ /189? K  ":/=ﬁr?6_5V?#>C57>9O$   
D
Jﬁ 
Mﬂ?#%ﬁ#/_5V?.ﬁ#89?#P n !#?ﬀP0#" 87>9"ﬃ57;;%5Vﬁﬃ/=89? 89" /=?Cﬁﬃﬂ
8

W
Jﬁ
D

 &    { +,ﬁO6=)0#" 87>9"ﬃ57;;

 &    57ﬂﬁ !#6=61;?Cﬁﬂ?k#JT9ﬂ61890#02;?CﬁK
wO)[d589?e0#6=!#+#ﬂﬁﬃ57/16=61ﬂ
D
6=)0#" 87>9"ﬃ57;;

 &    ﬀ89?#?#6_5 0289+:+ / 
ﬀ/161/ ﬁﬃQ#ﬂ 
fJﬁI5
#6=/1"6_5Y#ﬂ+ ":/10ﬀﬁ /189?* n !#?F#/=+ 0289+ / ﬁﬃ/ [J3R02" /=;%ﬂ?CﬁI576t0G57" 6_5k89?#+,ﬁﬃ":!#ﬂﬁ /189?F#]T78961!#;+
>9ﬂ89;ﬂﬁﬃ":/1-.!#ﬂ+O87?#+:ﬁ /=ﬁﬃ!#57?CﬁO!#?ﬀ +:ﬁ " !#Jﬁﬃ!#": #JﬁI57/=6161ﬂ7K#& IHG57-.!# T78961!ﬀ;%+ 87?.ﬁP57+ +:8Rﬂ/1ﬂ+O61
;%5Vﬁﬃﬂ" /157!%ﬂ89?#+,ﬁﬃ/=ﬁ !ﬀﬁﬃ/ [
D
57/1?#+:/ -u! n !#?m?u!ﬀ;%ﬂ" 8  nAﬂﬁ /1-.!#JﬁI57>9
D
ﬂO-.!#/M+:ﬁr/1?#ﬀ/1+ 02?ﬀ+ﬃ5
#6=Q0289!#"
+:!#/=Tu" ﬂ89" ":ﬂﬁ ;?CﬁQ61)0G57":89!ﬀ" +#+0G5V":ﬁﬃ/=!#6=+
D
f!ﬀﬁ /16=/1+ ﬂ"#ﬂ+Q>9ﬂ?#" 5Vﬁﬃﬂ!#" + nAﬂT7?#ﬂ;%ﬂ?Cﬁﬃ+ e89?Cﬁﬃ $57" 6=8
D
f+:!#/=Tu" 61X0G57":89!#":+Qﬀ+O0#57":ﬁ /1!ﬀ61+Qjﬁ "ﬃ5UT9ﬂ" +Q61+ #/ o ﬂ" ?Cﬁ + ﬂ89?#ﬂ+O#!Yﬀ/1+ 0289+:/=ﬁﬃ/ [  3R0Mﬂ" / v
;?CﬁI5V6
D
?%+n 570#0#!C57?Cﬁ+:!#"6_50#H/R+:/1-.!#Q#ﬂ89!#6_5V?.ﬁ#ﬂ+r/=?.ﬁ " 57ﬂﬁ /189?#+ #ﬂ+t0#57":ﬁ /1!ﬀ61+5UT9ﬂ
615 ;%5Vﬁ /1<":Pﬂﬁ 6=+IHG57;0#+;%57>9?#Jﬁﬃ/1-.!#ﬂ+0#" ﬂ+ ﬂ?.ﬁ +
D
f+,ﬁﬃ8uIy7"^6=+]/=?ﬀ[\89" ;%5Vﬁ /189?#+ 6=/1ﬂ+]57!u3 ﬁ "ﬃ5
W
ﬂﬂﬁﬃ87/1" ﬂ+]#ﬂ+0G57":ﬁ /1ﬂ!#61ﬂ+mﬂﬁ57!R3 " 0289?#+:+#ﬂ+
#Jﬁﬃﬂﬂﬁﬃﬂ!#" +QG57?#+#ﬂ+!
#57?#-.!#+  nA/1?ﬀ[\87" ;%5Vﬁﬃ/=89?#+
D
qTu/1+:!G576=/1+ ﬂ"61ﬂ+#ﬂﬁ ﬂﬁ !#":+OJﬁQ6=+ﬁ "ﬃ5
W
ﬂﬂﬁﬃ87/1" ﬂ+#+ 0G57",ﬁﬃ/=!#6=+K
ﬂ+ ;;
#":+#]6_5e896=6_5
289" 5Vﬁﬃ/=89?l$&P( 89?Cﬁ #JT9ﬂ61890#02]!#?*0ﬀ" 89>9" 57;;% #]+:/1; !ﬀ6_5Vﬁ /189?
+ 89!ﬀ+

 &   @
D
?ﬀ89;%;

(uL 
D
5zT7Q6ZnA/1;0#6_57?Cﬁﬃ5Vﬁﬃ/=89? #ﬂ+r>9ﬂ89;ﬂﬁﬃ":/1ﬂ+ﬀ+r?ﬀ89;
#":!R3ﬂ61;?Cﬁ +
89?ﬀ+:ﬁﬃ/ ﬁﬃ!G5V?.ﬁ6=)#ﬂﬁ Jﬁﬃ!ﬀ"P$'&)(2K
&C57?Cﬁ0M89!ﬀ"8

W
ﬂﬁ /=[r n /=?Cﬁﬃ>7" "X6_5^>9ﬂ89;%Jﬁﬃ":/1 #!lU576=89" /=;%<Jﬁﬃ"  ﬂ61ﬂﬂﬁﬃ":89;%57>9?#Jﬁﬃ/1-.!#w

$(
G57?#+O6=61#!p#ﬂﬁ Jﬁﬃ!ﬀ" $'&P(
D
/=6 5mJﬁﬃ ?G5Vﬁ !#" ﬂ616=;?CﬁOﬀ/=#  nAﬂoMJﬁﬃ!#ﬂ")6_5m+:/1; !#615Vﬁﬃ/=89?e#!
?#89!ﬀT7U57!eU5V6189":/1;<ﬂﬁﬃ":P?e!ﬀﬁ /161/=+ﬃ57?Cﬁ

 &  @
D
ﬂﬁ 0#6=!#+0#":/=+ ﬂ;%ﬂ?.ﬁ 615 T7":+ /187?S@ﬀK s9K
Q?#+ ﬁﬃ" 5UT75V!R3 ﬂoMJﬁﬃ!#ﬂ+r5V!%ﬂ89!#" + #ﬂﬂﬁ ﬁ ﬁﬃH#<ﬂ+ Q5ﬂ89?#+:/1+:ﬁ  j/=;%0ﬀ6_57?Cﬁﬃﬂ" 6_5P>789;ﬂﬁ " /1r#!
?#89!ﬀT7U57!cU5V6189":/1;<ﬂﬁﬃ": ﬂ61Jﬁﬃ":89;m5V>9?#ﬂﬁ /1-.!# w

$(hG57?#+

(RL  5 ﬁG?h nA8
ﬀﬁﬃﬂ?#/1")!ﬀ?c0ﬀ" 89>9" 57;;%
#+ /=; !#615Vﬁﬃ/=89? " ﬂ0#" 8u#!#/=+ﬃ57?Cﬁ 6=0#61!#+ﬁ##<6=;?Cﬁ 0M87+ + / 
#616=#/=+ 0289+ / ﬁﬃ/=[20#":ﬂTu!0M89!ﬀ" 6ZnAJ3R0Mﬂ" /=?#ﬂ
w

$(MK2 5 +:ﬂﬁ /189?e+ !ﬀ/=TV57?Cﬁﬃ#ﬂ" / ﬁ6_5 ;%57?#/=<" )ﬀ89?CﬁQﬂﬂﬁ:ﬁﬃ/1;0#6_5V?.ﬁﬃ5Vﬁﬃ/=89?]5 JﬁﬃﬂoMJﬁﬃ!#ﬂ7K
  
 ^
   
	   


   

	

^  


	 
	





 
 	 ﬁ
 
	 
 
  
    




 


X 



'	ﬂ ^
)	
    

     
,
89!#"" 570#026
D
!#?# #+:":/10ﬀﬁ /189?h#JﬁI57/=6161ﬂ # 615^>789;ﬂﬁ " /1 #!l576187" /1;<ﬂﬁ " +  ﬁﬃ":89!ﬀT9G57?ﬀ+
6_5 +:ﬂﬁ /189?eL L:L!7K
{
D
0G57>9Bﬀ K
<o  !6''#ﬁ$#5D"ﬁ	,5	-"ﬀﬁ (ﬀ* @		,&'ﬀ*+('	'*
2
 5X0#" ﬂ;%/=<":QJﬁI5702O#Q6ZnA/1;0#6_5V?.ﬁﬃ5Vﬁﬃ/=89? #Q6_5>989;ﬂﬁ " /=Q nA!#?]ﬀﬂﬁﬃﬂﬂﬁ !#"+:89!#+

 &  @ +,ﬁ
6_5#%ﬁG?ﬀ/=ﬁﬃ/=89?SJﬁP6= 0#6157ﬂ;%ﬂ?.ﬁQ#ﬂ+OT9896=!#;+O570G5
ﬀ61+O# ":0#":8R#!ﬀ/1" Jﬁ ﬁﬃ >989;ﬂﬁ " /= jm6En 5V/1#

.
$rHG570ﬀ/=ﬁﬃ":sRKY(u/1; !#615Vﬁﬃ/=89?]5UT7

 &   #!eU5V6189":/1;<ﬂﬁﬃ":Oﬂ61Jﬁﬃ":89;m5V>9?#ﬂﬁ /1-.!#w

$(
#+#/ T9ﬂ" +ﬁu0Mﬂ+Q#)T78961!#;+ﬂ61;?Cﬁﬃ57/1":+0#":#ﬁG?#/1+G5V?#+

 &  @ﬀK
 
89!RﬁT9896=!#;O+ 87!#+

 &   @ #87/=ﬁ Jﬁﬃ":P#%ﬁ#?#/ j 6En /=?.ﬁ ":/1!ﬀ"t nA!#?]T78961!#;Jv ;%<ﬂ"  -.!#/ + ﬂ":ﬁﬀ
" J[\" ﬂ?#VK  ?^ﬂoMﬂﬁ
D
61P0ﬀ6_57ﬂ;?Cﬁ#!T78961!#;Oﬂ89?#+:/1#ﬂ" )+nAﬂoMJﬁﬃ!#0G5V""ﬃ570ﬀ0M89",ﬁ57!":ﬂ[\ﬂ" ?Cﬁ /16
# +:89?YT98761!#;Jv ;%<ﬂ" 7K2wP5V?#+P?#87ﬁ "  57+
D
61XT9896=!#;% vN;<":>96=8
G576#

(RL  ?#>96=8
G57?CﬁQﬁﬃ89!#+Q61ﬂ+
T9896=!#;+,v ;%<ﬂ" ﬂ+ﬂﬁ 61ﬂ!#" +#ﬂ+ ﬂ?#G5V?.ﬁ +Oﬂ+:ﬁO570#0261  $'&)(Mn K
& TV57?Cﬁ##ﬁG?#/1"r61+?ﬀ89;
#":!R3T78961!ﬀ;%ﬂ+6=;?CﬁI57/=" ﬂ+89?#+,ﬁﬃ/ ﬁﬃ!G57?Cﬁ615 >987;%Jﬁﬃ" /=P#!^U5V618Vv
" /=;%<Jﬁﬃ" ﬂ61ﬂﬂﬁﬃ":89;%57>9?#Jﬁﬃ/1-.!# w

$(
D
/16GJﬁI57/ ﬁtﬀ89?# ?#ﬂ+ + 57/1":O# ":ﬂ"t!#?T9896=!#;JvN;<":IHG57" >7
#61ﬂ+89?Cﬁﬃﬂ?#/1"ﬂK
Q?^T9896=!#;%)ﬀXﬁu02   !q?#89;;  L,$On b\0M89!ﬀ"  - #&%   7gr5576189":+ﬂﬁ Xﬀ%ﬁG?#/Jﬁ
0#6_5VX#/1":ﬂﬁ ;?Cﬁ)j6ZnA/1?Cﬁﬃﬂ" /=!#" #!ST78961!#;Jv ;%<ﬂ" >96=8
G576  $&P(Mn KMLN6
5m0289!#" " "96=#89?Cﬁ ?#/="
ﬁﬃ89!ﬀ+P61ﬂ+PT9896=!#;%ﬂ+P6=;?CﬁI5V/1" ﬂ+PIHG57":>9+# ":0#":+:?Cﬁﬃﬂ"6=+Pﬂ" /1+,ﬁI57!u3
D
61+O0#6_57-.!#ﬂ+ n 5V/1ﬂ"P+ !ﬀ"
61ﬂ+ -.!#6=61ﬂ+ ﬂ+ #":?#/1ﬂ" + " ﬂ0M89+:?Cﬁ
D
Jﬁ ﬁ 89!#+ 61ﬂ+Q5V!ﬀﬁﬃ":+ 61ﬂ;%ﬂ?Cﬁﬃ+[d57/1+ 57?Cﬁ 0G57":ﬁ /1)#X6_5 >9ﬂ89;ﬂﬁﬃ":/1
#!U5V6189":/1;<ﬂﬁﬃ":7K.&O/=?#+ /
D
6=P0#6157ﬂ;%ﬂ?.ﬁr#Pﬁﬃ87!#+ﬂ+T9896=!#;%ﬂ++nAﬂoMJﬁﬃ!#0G5V""ﬃ570ﬀ0M89",ﬁ57!":ﬂ[\ﬂ" ?uv
ﬁﬃ/=6 #!T78961!#;Jv ;%<ﬂ"   L,$On=K
, 57":;%/261ﬂ+t?#87;
#" ﬂ!R3%ﬁR02+r#OT98761!#;+6=;?CﬁI57/=" ﬂ+r0#":#ﬁG?#/1+
D

 &   @0#" 890289+:Qﬁﬃ":89/1+
ﬁu0Mﬂ+ ﬀﬁ "ﬃ5702 ﬂ8 ﬀ+#89?Cﬁ  2QwPs -.!#/+n 5UT9<ﬂ" X61);/1!u3^57G5V0ﬀﬁﬃXj 6_5 [\89":;%)ﬀ+":/1+:ﬁﬃ57!R3MK
$r89;%; 6ZnA/1616=!#+:ﬁ " 615 ﬁG>7!#" PsRK 
D
ﬂ/1?#- 0G5V"ﬃ57;<ﬂﬁ " ++ 87?.ﬁr?#ﬂ+:+ﬃ57/=" +0289!#"6_5#ﬁG?#/=ﬁ /189?% nA!#?
T9896=!#; # ﬁu025  2QwPs   61ﬂ+P02ﬂﬁﬃ/ ﬁﬃﬂ+P#;/ v 6_57":>9!ﬀ" + Jﬁ) 
D
6=+P>9" 57?##ﬂ+)#;/ v 6_57":>9!ﬀ" +
s)ﬂﬁ s
D
ﬂﬁ6_5)#ﬂ;%/4vN6=89?#>9!#ﬂ!#"  Ku'+ [d57ﬂ+t5zTV57?Cﬁﬂﬁr57":" /1<ﬂ" #ﬂ+tﬂ" /=+:ﬁI5V!R3ﬂﬁﬃ57?Cﬁr#[\89":;%
U57":" ﬂ
D
89?F5Y   Pﬃﬂﬁ  sPsuK 5Y#%ﬁG?ﬀ/=ﬁﬃ/=89?`#!`T78961!ﬀ;%]ﬂ61ﬂ;%ﬂ?.ﬁﬃ57/1":m":0#":+ ﬂ?CﬁI57?Cﬁ
IHG57-.!#pﬂ" /1+,ﬁI576Q" ﬂ0M89+:h576187" +]+:!#"]ﬁﬃ":89/1+%0G57"ﬃ5V;%<Jﬁﬃ" ﬂ+KrwP57?#+^6_5l+ !#/ ﬁﬃ
D
89? 570#026=61
h
6_5l#;/ v
HG57!ﬀﬁ !#" 57!^;/16=/1!m#!^" /=+:ﬁﬃ576bdﬂ89;%;P/=?##/1-.!#)+:!#"6_5ﬁG>9!ﬀ" XsRK gJK
ﬂ+T9896=!#;%ﬂ+6=;?CﬁI57/=" ﬂ+IHG57" >7+#" ﬂ0#" ﬂ+ ?Cﬁ " 61+0ﬀ6_57-.!#ﬂ+  n 57ﬂ/1ﬂ"+ 89?Cﬁ #%ﬁ#?#/1+#P[d5 v
89?l+ /=;%/=6_57/=" 
D
j^0G57":ﬁ /1"#!cﬁR02mﬀT78961!#;   2Qw	pbd-.!#/+,ﬁ !ﬀ?`57!ﬀﬁ "  ﬁu0M%#ﬁ "ﬃ5702 ﬂ8 ﬀzg
D
#ﬂ" / ﬁ0G57"t6_5 ﬁG>9!#":sRK s
D
-.!#/M?#Oﬂ89;0M89",ﬁﬃQ-u!ﬀP-.!G5Vﬁﬃ":P0G57" 57;<ﬂﬁﬃ":+! ﬀﬃ
D
s
D
  JﬁFbd87?
5  P  P Xs + /89?^ﬂ89;%0#57" j5  2 w)s9gJK
(R/ 6En 89?Y[d5V/=ﬁO5
#+:ﬁ "ﬃ57Jﬁﬃ/=89?p# 615  89?ﬀ TR/=#^b\#!# 57!p0G5V+ +ﬃ5V>9 #!p[d57/1+:57! g +:/=ﬁ !# 57!pﬂ?Cﬁﬃ":
#! 576187" /1;<ﬂﬁ " 
D
89?i0Mﬂ!ﬀﬁ89?#+:/1#ﬂ" ﬂ"m-.!#eSﬀ" ?ﬀ/1" 0#":+:?CﬁﬃY+:0ﬀﬁ%#/ o ﬂ" ?Cﬁ +m6157" >7!#":+ﬀ
"ﬃ57?ﬀ>9ﬂ+ﬀQﬂ" /1+,ﬁI57!u3   
D
z@
D
 B
D

|
D
 ﬀ
D
s ﬂﬁrs7@":/1+:ﬁﬃ57!R3kb T989/=" 6_5ﬁG>9!ﬀ"  9K
{
D
0G57>9$*Cg K9LN6 +,ﬁ
576187" + ?#ﬂ+ + 57/1": # #ﬁG?#/="P+ ﬂ0ﬀﬁ)T9896=!#;+Oﬀ ﬁR02   2 wﬃ 0289!#"P":0#":+ ﬂ?Cﬁﬃ"6=+O+:0ﬀﬁ0ﬀ6_57-.!#ﬂ+
#/=oM":?Cﬁﬃﬂ+ 5zT7X61ﬂ+#/1;?#+:/189?ﬀ+89":" +:0M87?#G57?Cﬁﬃﬂ+K
0ﬀ6_57ﬂ;?Cﬁ  nA!#? T9896=!#;%r+ 89!#+

 &   @)+ﬂn Jo ﬂﬂﬁﬃ!ﬀ ﬁ 89!
W
89!#":+ 0G57" " 570#0289":ﬁ 5V!":ﬂ[\ﬂ" ?Cﬁ /16
#+ 89?^T98761!#;Jv ;%<ﬂ" 7KRLN6'?#ﬂ+:+ /=ﬁ  5V6189":+#!u3e?#+:;
#6=+ nA6=;?Cﬁﬃ+ -.!#/'+ 89?Cﬁ  
f6=+8u89" ﬀ89?#?#ﬂ+b
D

D
'gr#!eﬂ?.ﬁ " #!^T9896=!#;)G57?#+61)":ﬂ[\ﬂ" ?Cﬁ /16'ﬀ!eT78961!#;Jv ;%<ﬂ" 
D
f6En ﬂ?#+ ﬂ;
#61)ﬀ+  57?#>96=+bd@ 57?#>96=+" 57#/157!R3mﬂﬁ @ 57?#>96=+5  /1; !ﬀﬁI57!u3Gg#%ﬁG?ﬀ/1+ + 57?Cﬁ61P":ﬂ[\ v
":?Cﬁﬃ/=6 6=8R576tbZs]57?#>761+Q0G57")5 3ﬀUgO#!YT98761!#; j]0#6157ﬂ"O0G5V"P"ﬃ570ﬀ0M89",ﬁjmﬂ61!ﬀ/ #!YT78961!#;Jv
;<":
D
-.!#/'#Jﬁﬃﬂ" ;/1?#)+:89?k87" /1ﬂ?CﬁI5Vﬁ /189? K
ﬀ
  " 89/=+ /1<ﬂ;%O0G57":ﬁ /1   ?k?ﬀ89!ﬀT957!eU576=89" /=;%<Jﬁﬃ" O61ﬂﬂﬁ " 89;%57>9?#Jﬁﬃ/=-u!ﬀP89;0#6=ﬂﬁI5V?.ﬁ6=)#ﬂﬁ Jﬁﬃ!ﬀ"
$'&)(ﬂﬁ #ﬂ#/1j 6ZnAJ3R02":/1?ﬀXw

$(
X
Z
Y
Z
dX1 h
dZ
dY1 h
dZ
dX1
dX2
dY1
dY2
dZ
Y
X
dX2
dY2
 2sRK   wO%ﬁ#?#/=ﬁ /189?^#!^T9896=!#;)61ﬂ;%ﬂ?CﬁI57/=" PIHG5V" >9X#" ﬂ0#" ﬂ+ ?Cﬁ "OIH#57-.!#ﬂ" /=+:ﬁI5V6 GU57" 57Jv
ﬁﬃﬂ" /1+,ﬁﬃ/=-u!ﬀ+) nA!#?pT9896=!#;5  2Qw)shb\
D
s
D
  
D
 Xs
D
'gJK''ﬂ+[d5V+5UTV57?CﬁXﬂﬁX57":" /=<"  #!
":/1+:ﬁﬃ576 JﬁI57?Cﬁ U57":" ﬂ+
D
87?S5   PXﬂﬁ sPsuK
X
Y
Z
X
Y
Z
dZ
dZ
dY
dX1
dX2dZ
dX1
dX2
dY
dY
 rsuK s *wO%ﬁG?ﬀ/=ﬁﬃ/=89?F nA!#?#e0#6_57-.!#^ n 57ﬂ/1"   57"ﬃ57Jﬁﬃﬂ" /1+,ﬁﬃ/=-u!ﬀ+ n !ﬀ? T78961!#;   2Qw	`b\
D
s
D
 
D
 'gJK
|
*
$rHG570ﬀ/=ﬁﬃ":sRKY(u/1; !#615Vﬁﬃ/=89?]5UT7

 &   #!eU5V6189":/1;<ﬂﬁﬃ":Oﬂ61Jﬁﬃ":89;m5V>9?#ﬂﬁ /1-.!#w

$(
LN6
ﬂ+:ﬁPﬀ89?# ?ﬀﬂ+ + 57/1": # ﬀ%ﬁG?#/="Qﬂ+Pﬀ/=oM" ﬂ?Cﬁﬃ+O0#57"ﬃ57;<ﬂﬁ " ﬂ+ bE5V?#>961ﬂ+Qﬀ " 8VﬁI5Vﬁ /189?eﬂﬁQ8u89",v
#89?#?ﬀ+ﬃg0M89!ﬀ" IH#57!#?k#+ﬂ61;?Cﬁ + ﬂ89?#+,ﬁﬃ/=ﬁ !G57?Cﬁ61)576187" /1;<ﬂﬁ " Pﬂ61ﬂﬂﬁﬃ":89;%57>9?#Jﬁﬃ/1-.!#Pw

$(2K
<o=< >?  	!ﬀﬂ!"ﬁ0/ # ('& -"	,5 /1# "ﬁ0/1 ('!6''#5 ( "	 	,ﬂﬁ #5%&
 nAﬂﬁ !## #O615)>989;ﬂﬁ " /=#!m576189":/1;<ﬂﬁ " 5##
#!RﬁﬃO0#57" 6Zn 57?G576R+:#Q615Xﬂ89?#+,ﬁﬃ" !ﬀﬂﬁﬃ/=89? n !ﬀ?#
"ﬃ57?ﬀ>9 H#89":/ ﬂ89?CﬁI576= #%ﬂ" /=+:ﬁI5V!R3
D
+ !#/ TR/= #%ﬂ6=61 # 6_587?#+:ﬁ " !#Jﬁﬃ/187?  nA!#?#"ﬃ57?ﬀ>9 T9ﬂ":ﬁﬃ/=U576=7K
wP57?#+

(RL 
D
610#6157? H#89":/ ﬂ89?CﬁI576#ﬂ+:ﬁ #ﬁG?#/G0G5V" 6Zn 5 3RXb+3 g
D
ﬂﬁ 61r0#6_57? T7",ﬁﬃ/1576#0G5V" 6Zn 5 3Rb+3 Xg
D
ﬁI57?ﬀ#/1+-.!#6Zn 5 3R)#!^[d57/1+:57!kﬂ+:ﬁ #89?ﬀ?#0G57"6Zn 5 3R%b+3 'gJK
&O0#026=89?#+
α
6Zn 57?#>761 #ﬁG?#/.0G57"'IH#57-.!#tﬂ" /=+:ﬁI5V6 b\T78961!#; ﬁﬃ" 5702  8  G5767# ﬁR02   2QwPs9gJK $r89?ﬀ+ / v
#" 57?CﬁX61+#/=;%ﬂ?#+ /=89?#+) nA!#?l" /=+:ﬁﬃ576b\T789/1"615]+ Jﬁﬃ/=89?lL:L L	9K {
D
ﬂﬁX?l0G57":ﬁ /1ﬂ!#61/="P615 ﬁG>9!#": 9K B
D
0G57>9  g
D
89? 5
α ' 0, 967◦ K ']T98761!#;Jv ;%<ﬂ"    L,$On 5Yﬂﬁ #%ﬁ#?#/ﬂﬁ 0#6157m#;m5V?#/1<ﬂ" ]jpﬂ
-.!#m6=+[d5V+ 6_5Vﬁ "ﬃ5V61+ nA!#?*ﬂ" /1+,ﬁI576 ﬂ?Cﬁﬃ" 576tTu/1",ﬁﬃ!#ﬂ6 -u!ﬀ/r+ ﬂ"ﬃ57/ ﬁ ﬂ?Cﬁﬃ":+ !#"6Zn 5 3R%ﬀ!`[d57/1+:U5V!
b   *Cgtﬂﬁ87" /1ﬂ?Cﬁﬃ)+ ﬂ6189?^6En 5 3Rb 3 'g89?CT9ﬂ" >9ﬂ?CﬁQT7" + 61O?Cﬁ " #   L,$On K wOJﬁ ﬁ );m57?ﬀ/1<":
D
61ﬂ+87" /1ﬂ?CﬁI5Vﬁ /189?#+ ﬀ+rﬂ" /=+:ﬁI5V!R3 02!ﬀT7?Cﬁ ﬂﬁ "  #%ﬁ#?#/1ﬂ+rjX6Zn 57/1#ﬀQ":87ﬁI5Vﬁ /189?ﬀ+  n !ﬀ?]57?#>761; !#6 ﬁﬃ/10ﬀ61
#
α
D
6ZnA89":/1?Cﬁﬃ5Vﬁﬃ/=89?S nA!#?pT98761!#; #89?ﬀ?# + 89!ﬀ+

 &  @]ﬂﬁﬃ57?Cﬁ)ﬁﬃ89!
W
87!#" +Pﬀ%ﬁG?#/= 0G57"P" 570#0289":ﬁ
57!" ﬂ[\ﬂ" ﬂ?.ﬁ /1ﬂ62ﬀQ+:89?T78961!ﬀ;% vN;<" VK 3P?]570ﬀ0Mﬂ6161
C0
 ":/1+,ﬁI576Gﬂ?Cﬁﬃ" 576GTR/=":ﬁ !#6 ﬂﬁ
L
615ﬀ/1+:ﬁﬃ57?#ﬂ
?Cﬁﬃ":+ 89?eﬂ?.ﬁ " Xﬂﬁ N0M89/=?Cﬁ[\8R576QTu/1",ﬁﬃ!#ﬂ6 -.!#":0#":+:?CﬁﬃX61)ﬂ?Cﬁﬃ":#   L,$On=K
wOﬂﬁ " ;/1?ﬀ89?#+ G5V?#+ !#? 0#":;/1" ﬁﬃﬂ;%0#+ 61+ 8u89" #87?#?#ﬂ+ #+ ﬂ?Cﬁﬃ":+ #ﬂ+ #/=oM":?Cﬁﬃ+ T78961!#;+
" ﬂ0#" ﬂ+ ?Cﬁﬃ57?Cﬁ 61ﬂ+ ":/1+,ﬁI57!R3MKV5O#ﬂﬁ ":;%/=?G5Vﬁﬃ/=89?#+ 89" /=?CﬁI5Vﬁ /189?ﬀ+
#ﬂ+
T78961!#;+
+ ﬂ"ﬃ5O 3ﬀ0289+:G57?ﬀ+
!#?^+ ﬂ89?#eﬁﬃﬂ;%0#+ﬂK
$r89?#+ /=#":89?#+X!#?#"ﬃ57?ﬀ>9H#89":/  87?.ﬁﬃ5761 ﬀ%ﬂ" /1+,ﬁI57!u3h#%ﬁ#?#/10M87!#" *ﬀK
$r+X":/1+:ﬁﬃ57!R3c+:89?Cﬁ
576187" +X5761/=>9?#ﬂ+)+ !#/ T75V?.ﬁ6Zn 5 3RSb+3 )gJﬁ 89? 5Vﬁ ﬁ " / 
#!#jkIHG5V!#?` n ﬂ?.ﬁ " ]ﬂ!R3l!#? ﬂ8R-/1ﬂ?Cﬁ
i
ﬁﬃ6
-.!#6ZnA89?F57/ ﬁ 61ﬂ+ TV5761ﬂ!#" +
i = −imax, ..., −2, −1, 0, 1, 2, ..., imax K wO[d5ﬂ89?*+ /=;%/=6_57/="  D
0M87!#"]!#?#p" 57?#>9ﬂST9ﬂ":ﬁ /1U5V61Y#pﬂ" /=+:ﬁI5V!R3qﬀ%ﬁG?#/=p0M87!#"  *
D
61ﬂ+]":/1+:ﬁﬃ57!R3 + 89?Cﬁe576=/1>9?ﬀ+m+:!#/ v
TV57?Cﬁk6En 5 3ﬀ b+3 Xgﬂﬁk/16=++ hT989/=?CﬁY5 ﬁ ﬁﬃ":/ 
#!ﬀ"^!#? ﬂ8R-/1ﬂ?Cﬁ
j
ﬁ 6-.!# 6En 89?a57/ ﬁ^61+^TV5761ﬂ!#" +
j = −jmax, ..., −2, −1, 0, 1, 2, ..., jmax K wP57?ﬀ+Xﬂ+)ﬂ89?##/ ﬁﬃ/187?#+ D 61 ﬂ" /=+:ﬁI5V6 ﬂ?Cﬁﬃ"ﬃ5V6 Tu/1":ﬁ !#6
C0
+ T989/ ﬁ)5Vﬁ:ﬁﬃ" / 
#!#ﬂ"O61ﬂ+QTV576=!#":+
(i = 0, j = 0)
K  ﬁPﬀ ;m5V?#/1<ﬂ" X>9?#ﬂ"ﬃ576=
D
IHG57-.!# ":/1+,ﬁI576 + 
T989/ ﬁ 5Vﬁ ﬁ " / 
#!#"r!#?kﬂ89!#0#6=#)T75V61!ﬀ" +
(i, j)
K

89/1ﬂ/j%0#":+ ﬂ?Cﬁ)6_5 #+:":/10ﬀﬁ /189?k#+Q#/=oM":?Cﬁﬃﬂ+Oﬂﬁﬃ5702+Oﬂ89?#+,ﬁﬃ/=ﬁ !G57?CﬁQ6_5 89?#+,ﬁﬃ":!#ﬂﬁ /189?k n !ﬀ?#
"ﬃ57?ﬀ>9XH#89":/  87?.ﬁﬃ5761)ﬀ ":/1+,ﬁI57!R3 b\+ !#/ TV57?CﬁQ6En 5 3ﬀmb+3 g
D
5UT7  *CgJﬁOﬀﬂ616=+ 89?ﬀ+:ﬁﬃ/ ﬁﬃ!G5V?.ﬁQ6_5
89?ﬀ+:ﬁﬃ":!#ﬂﬁ /189?^ nA!#?#X"ﬃ5V?#>9PT7",ﬁﬃ/15761%b\+ !#/ T75V?.ﬁ6En 5 3ﬀb 3 g
D
5UT9ﬂ   *9gJK
$r89;%;? 89?#+
0G57" 6ZnAﬂﬁ !##rﬀ+ 0#":;/1<ﬂ" + ﬂﬁﬃ5702+ 02":;%Jﬁ ﬁI5V?.ﬁ
6_5 89?ﬀ+:ﬁﬃ":!#ﬂﬁ /189? nA!#?#" 57?#>9ﬂ
H#89":/  87?.ﬁﬃ5761O#" /=+:ﬁﬃ57!R3cb\+ !#/ TV57?CﬁQ6En 5 3ﬀb 3 )g
D
5UT9ﬂ   *9gJK
O0#6_57ﬂ;?Cﬁﬀ!" /=+:ﬁﬃ576
C0 (i = 0, j = 0)
ﬂ+:ﬁ/=;%;#/15Vﬁ
D
6=+t8u89" #87?#?#ﬂ+#P+:89?ﬂ?Cﬁﬃ" 
ﬂﬁﬃ57?Cﬁpb  *
D
*
D
 
L
g K/3)?i#ﬂﬁ ":;%/=?#S5V6189":+6=+%8u89" #87?#?#ﬂ+pb 
D

D
'g ﬀ! ﬂ?Cﬁﬃ" S#!
":/1+:ﬁﬃ576ﬀT789/1+:/1?
(i = 1, j = 0)
ﬂ?m#ﬂ89;0M87+ﬃ57?Cﬁt6_5Pﬁﬃ" 57?#+ 615Vﬁﬃ/=89? 61+:0G57" 57?Cﬁrﬀ!mﬂ?Cﬁﬃ"  #!%" /=+:ﬁﬃ576
|

  " 89/=+ /1<ﬂ;%O0G57":ﬁ /1   ?k?ﬀ89!ﬀT957!eU576=89" /=;%<Jﬁﬃ" O61ﬂﬂﬁ " 89;%57>9?#Jﬁﬃ/=-u!ﬀP89;0#6=ﬂﬁI5V?.ﬁ6=)#ﬂﬁ Jﬁﬃ!ﬀ"
$'&)(ﬂﬁ #ﬂ#/1j 6ZnAJ3R02":/1?ﬀXw

$(
C0
K $rﬂ/+,ﬁQ/=616=!#+:ﬁ " P0G5V"6_5ﬁG>9!#":sRK @RK
α
h
X ou Y
Z
h
α
α
 2sRK @  , 6_57ﬂ;?Cﬁbd0ﬀ" 8zTu/1+ 87/1" Ugr#!e" /=+:ﬁﬃ576
C0
ﬂﬁ #+ 87?k0#6=!#+0#" 8uIH#)T987/1+ /=? K
ﬂ+Qﬁ "ﬃ57?#+:6_5Vﬁ /189?ﬀ+?#ﬂ+ + 57/1":+P0289!#"":
W
89/=?##" X61ﬂ?Cﬁﬃ": #!Sﬂ" /=+:ﬁI5V6
(i = 1, j = 0)
j%0G5V":ﬁﬃ/="
#ﬂ61!#/ ﬀ!kﬂ" /1+,ﬁI576
C0 (i = 0, j = 0)
+ 87?.ﬁQ576=89" +r61++:!#/=TV57?Cﬁﬃﬂ+  
{
+:!#/=TV57?Cﬁ b+3 g 
M
(i=1)
XX = +h[1 + cos(α)]
+:!#/=TV57?Cﬁ b+3 'g! 
M
(i=1)
XZ = −h sin(α)
wOO; ;
D
6=+ ﬁﬃ"ﬃ5V?#+ 615Vﬁﬃ/=89?#+ ?#ﬂ+:+ﬃ57/=" +r0M89!ﬀ"t":
W
89/=?##" 6=Qﬂ?Cﬁﬃ":O#!]ﬂ" /=+:ﬁI5V6
(i = 2, j = 0)
j 0G57":ﬁ /1"ﬀXﬂ6=!#/'#!e" /=+:ﬁﬃ576
C0 (i = 0, j = 0)
+ 89?Cﬁ 61ﬂ+ +:!#/=TV57?Cﬁ +b\T789/1"615ﬃﬁG>9!#": suK
{
g 
{
+:!#/=TV57?Cﬁ b+3 g 
M
(i=2)
XX = M
(i=1)
XX + h[cos(α) + cos(2α)]
+:!#/=TV57?Cﬁ b+3 'g 
M
(i=2)
XZ = M
(i=1)
XZ − h[sin(α) + sin(2α)]
 ?f>7?#ﬂ"ﬃ576=/1+ﬃ5V?.ﬁ
D
87?f8
ﬀﬁﬃ/=?Cﬁ6=+%ﬁ "ﬃ57?ﬀ+ 6_5 ﬁﬃ/187?#+m?#ﬂﬂ+ +ﬃ5V/1" ﬂ+0M87!#"]" 
W
89/1?ﬀ#" Y6=Sﬂ?Cﬁﬃ":p#!
":/1+:ﬁﬃ576
(i, j = 0)
j 0G57":ﬁ /1"ﬀXﬂ6=!#/'#!e" /=+:ﬁﬃ576
C0 (i = 0, j = 0)
 
{
+:!#/=TV57?Cﬁb 3 g 
M
(i)
XX = M
(i−1)
XX + h[cos((i− 1)α) + cos(iα)]
+:!#/=TV57?Cﬁb 3 'g 
M
(i)
XZ = M
(i−1)
XZ − h[sin((i− 1)α) + sin(iα)]
wOO; ;
D
0289!#"6_589?#+,ﬁﬃ":!#ﬂﬁ /189?% n !ﬀ?#P"ﬃ5V?#>9T9ﬂ":ﬁ /1U5V61 #Oﬂ" /1+,ﬁI57!u3pb\+ !#/ TV57?Cﬁr6En 5 3R b+3 Xg
D
5UT9   *9g
D
6=+0#":;/1<ﬂ" +rﬂﬁI5V0Mﬂ++ 89?Cﬁ /1#ﬂ?Cﬁﬃ/1-.!#ﬂ+j ﬂ6161ﬂ+0#":+ ﬂ?Cﬁﬃﬂ+O0289!#"6=PU5V+ n !ﬀ?#"ﬃ57?Rv
>9H#87" / ﬂ89?CﬁI576=7K
ﬂ+Qﬁ "ﬃ57?#+:6_5Vﬁ /189?ﬀ+?#ﬂ+ + 57/1":+P0289!#"":
W
89/=?##" X61ﬂ?Cﬁﬃ": #!Sﬂ" /=+:ﬁI5V6
(i = 0, j = 1)
j%0G5V":ﬁﬃ/="
#ﬂ61!#/ ﬀ!kﬂ" /1+,ﬁI576
C0 (i = 0, j = 0)
+ 87?.ﬁQ576=89" +r61++:!#/=TV57?Cﬁﬃﬂ+b\T987/1"6_5ﬃﬁ#>9!#" sRK @Cg 
{
+ !ﬀ/=TV57?Cﬁb+3 Xg 
M
(j=1)
Y Y = +h[1 + cos(α)]
+ !ﬀ/=TV57?Cﬁb+3 'g 
M
(j=1)
Y Z = −h sin(α)
|
s
$rHG570ﬀ/=ﬁﬃ":sRKY(u/1; !#615Vﬁﬃ/=89?]5UT7

 &   #!eU5V6189":/1;<ﬂﬁﬃ":Oﬂ61Jﬁﬃ":89;m5V>9?#ﬂﬁ /1-.!#w

$(
h
Z
hα
h
h
α
2α
α
2α
2α
X ou Y
Z
α
2α
3α
X ou Y
 2sRK
{
 , 6_57ﬂ;?Cﬁbd0#":8zTR/=+ 89/=" Ugr#!kﬂ" /=+:ﬁI5V6
C0
Jﬁ #+ ":/1+:ﬁﬃ57!R3
i
b\89!
j
g  
D
s ﬂﬁQ@ﬀKGwP5V?#+
Jﬁ ﬁﬃﬂ89?ﬁG>9!ﬀ"ﬃ5Vﬁ /189?
D
ﬁﬃ89!#+6=+":/1+,ﬁI57!R30M89/=?Cﬁﬃ?CﬁT7" + !#?e; ﬂ;%!N0M87/1?Cﬁ[\8uU576 IK
,
89!#")615m#Jﬁﬃ":;%/=?G5Vﬁ /189?k#+Pﬁ "ﬃ57?#+:6_5Vﬁ /189?ﬀ+O?#ﬂ+:+ﬃ57/=" ﬂ+X0289!#"O" 
W
87/1?##": 61 ?Cﬁ "  #!h":/1+,ﬁI576
(i = 0, j = 2)
je0G57":ﬁ /1"X#mﬂ6=!#/tﬀ!`":/1+:ﬁﬃ576
C0 (i = 0, j = 0)
D
87?`0Mﬂ!ﬀﬁ +:m":0289":ﬁ " jk6_5
ﬁG>9!#":XsRK
{
K
 ?X>9ﬂ?#" 5761/=+ﬃ57?Cﬁ
D
61ﬂ+ﬁ "ﬃ57?ﬀ+ 6_5 ﬁﬃ/187?#+ ?#ﬂ+:+ﬃ57/=" ﬂ+
0289!#"'":
W
89/=?##"  6= ﬂ?.ﬁ "  #!X":/1+:ﬁﬃ576
(i = 0, j)
j 0G57":ﬁ /1"ﬀXﬂ6=!#/'#!e" /=+:ﬁﬃ576
C0 (i = 0, j = 0)
+ 89?Cﬁ 61ﬂ+ +:!#/=TV57?Cﬁ +  
{
+:!#/=TV57?Cﬁb 3 Xg 
M
(j)
Y Y = M
(j−1)
Y Y + h[cos((j − 1)α) + cos(jα)]
+:!#/=TV57?Cﬁ b+3 'g 
M
(j)
Y Z = M
(j−1)
Y Z − h[sin((j − 1)α) + sin(jα)]
$r89;%;Yﬂ6_5*5`Jﬁﬃh;89?Cﬁﬃ" S0#" ﬂﬀ;;%ﬂ?.ﬁeG5V?#+6_5`+:ﬂﬁ /189?fL:L L 9K
{
D
ﬁﬃ87!#+61ﬂ+]":/1+:ﬁﬃ57!R3
89?ﬀ+:ﬁﬃ/ ﬁﬃ!G5V?.ﬁ61U5V6189":/1;<ﬂﬁﬃ": 6=ﬂﬁ " 89;%57>9?ﬀﬂﬁﬃ/=-.!#w

$( +:89?Cﬁ 576=/1>9?ﬀ+Xjk6En 5UTV57?Cﬁ
D
7K v j vN K-.! n 57!
;%87/1?#+!#?S89/=?k#6_5 [d575UTV57?CﬁP#XIHG57ﬂ!#?p#+
{
s
{
":/1+:ﬁﬃ57!R3k+ Xﬁﬃ":89!ﬀT9G57?#+ !#?Y; ;0#6_5V?
T9ﬂ":ﬁﬃ/=U576EK
LN6" +,ﬁﬃ^#89?ﬀkjp#Jﬁﬃﬂ" ;/1?#ﬂ" 61+ ﬁ "ﬃ57?#+:6_5Vﬁ /189?ﬀ+ ?#ﬂ+:+ﬃ57/=" +%jp6Zn 5761/=>9?#ﬂ;%ﬂ?.ﬁ #+":/1+,ﬁI57!R3Fj
6Zn 5UT75V?.ﬁJﬁ
D
G57?ﬀ+6= U57+X#6_5"ﬃ57?ﬀ>9 T9ﬂ":ﬁﬃ/=U576=
D
ﬂ>C5761ﬂ;%ﬂ?Cﬁ6=61ﬂ+X02":;%Jﬁ ﬁﬃ57?Cﬁﬀ%":0#":8R#!ﬀ/1" 
6ZnA+:0G57O0#" ﬂ+ ?Cﬁﬂ?.ﬁ " )IHG5V-u!ﬀ)"ﬃ57?#>7P#O" /=+:ﬁﬃ57!R3
D
61j 8 ]+:)+ /=ﬁ !#?Cﬁ6=+(ﬁ#?#+0ﬀ6_57-.!#ﬂ+ n 5V/1ﬂ"K
ﬂ+ + IH#ﬂ;m5V+ 89?#+,ﬁﬃ/ ﬁﬃ!G57?Cﬁ 615 ﬁG>9!#":esRK BS;%89?Cﬁ " ?Cﬁ 6=]0#6157ﬂ;%ﬂ?.ﬁ^bd#ﬁG?#/=ﬁ /=[ﬃgX#ﬂ+ ":/1+:ﬁﬃ57!R3
67# 
,% 

#)
 6    #: 	 

 ) 1#&% bd+ !ﬀ/=TV57?Cﬁ6Zn 5 3R%b+3 )g
D
5UT7 *CgJK
LN61+;89?Cﬁﬃ":?Cﬁ?ﬀﬂﬁI5V/16 6=+rﬁ "ﬃ57?ﬀ+ 6_5 ﬁﬃ/187?#+tﬂ61ﬂ;%ﬂ?.ﬁﬃ57/1":+?ﬀﬂ+ + 57/1":+ j 6Zn 5761/=>9?#ﬂ;%ﬂ?.ﬁ#ﬂ+":/1+,v
ﬁI57!u3^j 6Zn 5zTV57?CﬁK
|
@
  " 89/=+ /1<ﬂ;%O0G57":ﬁ /1   ?k?ﬀ89!ﬀT957!eU576=89" /=;%<Jﬁﬃ" O61ﬂﬂﬁ " 89;%57>9?#Jﬁﬃ/=-u!ﬀP89;0#6=ﬂﬁI5V?.ﬁ6=)#ﬂﬁ Jﬁﬃ!ﬀ"
$'&)(ﬂﬁ #ﬂ#/1j 6ZnAJ3R02":/1?ﬀXw

$(
Z
X
α
α/2
Z
α
X
2α
3α
α/2
5α/2
3α/2
X
3α/2
5α/2
α
2α
3α 2dX1
2dX1
2dX1
2dX1
α/2α α/2
α
2α 3α/2
3α
2α
3α 5α/22dX1 sin(     ) tan(        )
2dX1 sin(     ) tan(        )
2dX1 sin(   ) tan(      )
2dX1 sin(   )
2dX1 sin(     )
2dX1 sin(     )
 .sRK B  , 6157ﬂ;%ﬂ?.ﬁbd#ﬁG?#/=ﬁ /=[ﬃg #! ﬂ" /1+,ﬁI576
C0
ﬂﬁ #ﬂ+ﬂ" /=+:ﬁI5V!R3
i
 
D
sOJﬁ@ 67# 
 % 

#)
 6  
 #: 	 

 ﬃ) +#&% ]bd+:!#/=TV57?CﬁQ6Zn 5 3R]b 3 g
D
5zT7  *CgJK2'+Q" /=+:ﬁﬃ57!R3e+ 87?.ﬁO;m5V/1?Cﬁﬃﬂ?G57?CﬁP5V61/1>7?#+
jS6Zn 5UTV57?Cﬁ^b\T789/1" 6_5 ﬁ#>9!#" m?FHG57!ﬀﬁ
D
jSﬀ" 89/ ﬁﬃzg K ,
57" ﬂ89?#+ ﬂ-.!#?Cﬁ
D
/=61+X?#]0289/1?Cﬁﬃﬂ?Cﬁ 0#61!ﬀ+ T9ﬂ" + 61
; ﬂ;%)0289/=?.ﬁK 'X+:IH#;%5%ﬀ! 
G57+ ;89?Cﬁﬃ" ﬂ?S#JﬁI57/=6'61+ﬁ "ﬃ57?#+:6_5Vﬁ /189?ﬀ+61ﬂ;%ﬂ?CﬁI57/=" +?#ﬂﬂ+ +ﬃ5V/1" ﬂ+
j 6Zn 5761/=>9?#;?Cﬁr#+":/1+,ﬁI57!R3^j 6En 5UTV57?CﬁUK
|V{
$rHG570ﬀ/=ﬁﬃ":sRKY(u/1; !#615Vﬁﬃ/=89?]5UT7

 &   #!eU5V6189":/1;<ﬂﬁﬃ":Oﬂ61Jﬁﬃ":89;m5V>9?#ﬂﬁ /1-.!#w

$(
Z
α/2
α/2
g
Y
Z
g
g
g
Y
3α/2
3α/2
g
3α/2
3α/2
g g sin(       ) tan(       )
g cos(       ) 
g sin(       )
3α/2 3α/2
2dY1
2α
2dY1 sin(     )2α
2dY1 sin(     ) tan(       )2α 3α/2
Y
 .sRK  ﬃ, 6_57ﬂ;?Cﬁ bdﬀ%ﬁG?#/ ﬁﬃ/ [Ig'#! ":/1+:ﬁﬃ576
C0
ﬂﬁ #ﬂ+ " /=+:ﬁﬃ57!R3
j
 
D
sOﬂﬁ @ 67# 
ﬂ% 

#)
 6  
 #: 	   

#&% ^bd+:!#/=TV57?Cﬁ6Zn 5 3Reb+3 Xg
D
5UT9   *9gJK''+)ﬂ" /=+:ﬁI5V!R3p+:89?Cﬁ;%57/=?.ﬁ ?G5V?.ﬁ)5761/=>9?#+Pj
6Zn 5UT75V?.ﬁ ﬂﬁ +:89?Cﬁ%ﬂU57",ﬁﬃﬂ+ 61+ !ﬀ?#+ #+57!Rﬁﬃ" ﬂ+ 5UT9^615S#/1+,ﬁI57?ﬀ
g
?Cﬁﬃ":e6=+[d57ﬂ+615Vﬁﬃﬂ"ﬃ576=+#
#!u3mﬂ" /=+:ﬁI5V!R3 T989/=+ /=?#+Pb T989/=" 6_5ﬁG>9!#":O?%HG57!ﬀﬁ
D
j#":89/=ﬁ zgJKu' + IH#ﬂ;m5 ﬀ! 
G57+t;%87?.ﬁ " ?m#ﬂﬁﬃ57/16
61ﬂ+ﬁ "ﬃ57?#+:6_5Vﬁ /189?ﬀ+ 61ﬂ;%ﬂ?CﬁI57/=" +?#ﬂ+:+ﬃ57/=" ﬂ+jc6En 5V61/1>7?#;?Cﬁ #ﬂ+m":/1+,ﬁI57!R3ijc6Zn 5UT75V?.ﬁ%ﬂﬁmjl6=!#"
57":ﬁ ;?Cﬁ 61+!ﬀ?#+0G57""ﬃ570ﬀ0M89",ﬁ 57!R3e5V!ﬀﬁﬃ":+K
|
B
  " 89/=+ /1<ﬂ;%O0G57":ﬁ /1   ?k?ﬀ89!ﬀT957!eU576=89" /=;%<Jﬁﬃ" O61ﬂﬂﬁ " 89;%57>9?#Jﬁﬃ/=-u!ﬀP89;0#6=ﬂﬁI5V?.ﬁ6=)#ﬂﬁ Jﬁﬃ!ﬀ"
$'&)(ﬂﬁ #ﬂ#/1j 6ZnAJ3R02":/1?ﬀXw

$(
,
89!#"6=)" /=+:ﬁﬃ576
(i, j = 0)
D
ﬂ+ﬁﬃ"ﬃ5V?#+ 615Vﬁﬃ/=89?#++:X0ﬀ" +:?Cﬁﬃﬂ?CﬁP#6_5 ;%57?#/=<":)+ !#/ T75V?.ﬁ ﬂ 
{
+ !#/ T75V?.ﬁb 3 )g 
P
(i)
XX = P
(i−1)
XX + 2

sin(iα) tan[(2i− 1)α
2
]
+ !#/ T75V?.ﬁb 3 'g 
P
(i)
XZ = P
(i−1)
XZ + 2dX1 sin(iα)
8 ]ﬃP+,ﬁ6_5X0MJﬁﬃ/ ﬁﬃOﬀ;/ vN6157" >7!#" #!]T78961!ﬀ;% #Oﬁu02   2QwPsb\ﬁﬃ" 5702  8  #UgIHG57":>9OﬀP" ﬂ0#"  v
+ ﬂ?.ﬁ "IHG57-.!#ﬂ" /1+,ﬁI576 b\T789/1"615ﬃﬁG>9!#":XsRK gJK#sV":0#":+ ﬂ?CﬁﬃX#89?#)615 6_57":>9!#"t#6_5[d5V5UTV57?Cﬁ
# IHG57-.!#Oﬂ" /=+:ﬁI5V6 bd61ﬂ+ [d57ﬂ+r5UTV57?CﬁrJﬁ5V" " /=<": ﬀ+" /=+:ﬁﬃ57!R3+ 87?.ﬁtU5V" " ﬂ+ 	u89?%5Xﬀ89?#  P 
ﬂﬁ)sP Xs7gJK
ﬂ+ + IH#ﬂ;m5V+ 89?#+,ﬁﬃ/ ﬁﬃ!G57?Cﬁ 615 ﬁG>9!#":esRK Y;%89?Cﬁ " ?Cﬁ 6=]0#6157ﬂ;%ﬂ?.ﬁ^bd#ﬁG?#/=ﬁ /=[ﬃgX#ﬂ+ ":/1+:ﬁﬃ57!R3
67# 
,% 

#)
 6    #: 	   

#&% bd+ !ﬀ/=TV57?Cﬁ 6Zn 5 3Rb+3 g
D
5UT9ﬂ  *CgJK
& TV57?CﬁQ n Jo ﬂﬂﬁ !#"P6En 5V61/1>7?#;?Cﬁ#ﬂ+Oﬂ" /1+,ﬁI57!u3kj6En 5UTV57?Cﬁ
D
?#89!ﬀ+Q#JT989?ﬀ+O n 5
289" k0#" 8uﬂ#"Oj
6ZnA57":ﬁ ;?Cﬁ #ﬂ+ " /=+:ﬁﬃ57!R3*6=+ !ﬀ?#+ 0G57" " 570#0289":ﬁ 5V!R3F57!Rﬁﬃ" ﬂ+ #;%57?#/1<ﬂ" mjhﬂ-.!#61ﬂ+ [d57ﬂ+
6_5Vﬁ " 5761ﬂ+ﬀP#!u3]ﬂ" /1+,ﬁI57!u3%T789/1+:/1?#+t" ﬂ+:ﬁﬃﬂ?Cﬁ0G57" 57616=<61ﬂ+ ;m57/=+ + 0#57" ﬂ+ nA!#?#Pﬀ/1+:ﬁﬃ57?#ﬂ
g
ﬂ>C5761Oj
@**
µ
;eK
$r+ + IHﬀ;%57+ ;89?Cﬁﬃ" ﬂ?Cﬁ ? #JﬁI57/=6R6=+ ﬁﬃ"ﬃ5V?#+ 615Vﬁﬃ/=89?#+ 61ﬂ;%ﬂ?CﬁI57/=" +
?#ﬂ+:+ﬃ57/=" + jP6En ﬂU57",ﬁﬃﬂ;%ﬂ?.ﬁ
#+ﬂ" /1+,ﬁI57!u3^61ﬂ+!#?#+0G57""ﬃ5V0#0M87":ﬁ 57!R3^57!ﬀﬁﬃ":+ﬂﬁQj 6Zn 576=/1>9?#ﬂ;%ﬂ?Cﬁ#ﬂ+ ﬂ" /=+:ﬁI5V!R3ej 6Zn 5UT75V?.ﬁK
,
89!#"6=)" /=+:ﬁﬃ576
(i = 0, j)
D
ﬂ+ﬁﬃ"ﬃ5V?#+ 615Vﬁﬃ/=89?#++:X0ﬀ" +:?Cﬁﬃﬂ?CﬁP#6_5 ;%57?#/=<":)+ !#/ T75V?.ﬁ ﬂ 
f0289!#"6ZnA57":ﬁ ;?Cﬁ#ﬂ+Qﬂ" /1+,ﬁI57!u361ﬂ+!#?#+0G57"" 570#0289":ﬁ 57!u3e57!ﬀﬁ " +  
{
+ !#/ T75V?.ﬁ b 3 Xg 
N
(j)
Y Y = N
(j−1)
Y Y + g cos[(2j − 1)α2 ]
+ !#/ T75V?.ﬁ b 3 'g$ 
N
(j)
Y Z = N
(j−1)
Y Z + g sin[(2j − 1)α2 ]
f0289!#"6Zn 576=/1>9?#ﬂ;%ﬂ?Cﬁ#ﬂ+ ﬂ" /=+:ﬁI5V!R3ej 6Zn 5UT75V?.ﬁ  


+ !#/ T75V?.ﬁ b 3 Xg 
P
(j)
Y Y = P
(j−1)
Y Y + g sin[(2j − 1)α2 ] tan[(2j − 1)α2 ]
+ 2
 
sin(jα) tan[(2j − 1)α
2
]
+ !#/ T75V?.ﬁ b 3 'g 
P
(j)
Y Z = P
(j−1)
Y Z + g sin[(2j − 1)α2 ] + 2
  
sin(jα)
8 ] P+,ﬁ6_5X0MJﬁﬃ/ ﬁﬃOﬀ;/ vN6157" >7!#" #!]T78961!ﬀ;% #Oﬁu02   2QwPsb\ﬁﬃ" 5702  8  #UgIHG57":>9OﬀP" ﬂ0#"  v
+ ﬂ?.ﬁ "IHG57-.!#ﬂ" /1+,ﬁI576 b\T789/1"615ﬃﬁG>9!#":XsRK gJK#sV  ":0#":+ ﬂ?CﬁﬃX#89?#)615 6_57":>9!#"t#6_5[d5V5UTV57?Cﬁ
# IHG57-.!#Oﬂ" /=+:ﬁI5V6 bd61ﬂ+ [d57ﬂ+r5UTV57?CﬁrJﬁ5V" " /=<": ﬀ+" /=+:ﬁﬃ57!R3+ 87?.ﬁtU5V" " ﬂ+ 	u89?%5Xﬀ89?#  P 
ﬂﬁ)sP Xs7gJK

89/1ﬂ/
D
#);%57?#/1<ﬂ" Q>9?#ﬂ"ﬃ576=
D
89;;%ﬂ?Cﬁ+ )0#":+:?Cﬁﬃﬂ?.ﬁQ61ﬂ+rﬁﬃ" 57?#+:6_5Vﬁ /189?#+
M
(i)
XX
D
M
(i)
XZ
D
M
(j)
Y Y
D
M
(j)
Y Z
D
P
(i)
XX
D
P
(i)
XZ
D
N
(j)
Y Y
D
N
(j)
Y Z
D
P
(j)
Y Y
D
P
(j)
Y Z
?ﬀﬂ+ + 57/1":+Q57!^0#6_57ﬂ;?Cﬁ #IHG57-.!#X":/1+:ﬁﬃ576
(i, j)
|

$rHG570ﬀ/=ﬁﬃ":sRKY(u/1; !#615Vﬁﬃ/=89?]5UT7

 &   #!eU5V6189":/1;<ﬂﬁﬃ":Oﬂ61Jﬁﬃ":89;m5V>9?#ﬂﬁ /1-.!#w

$(
#!^U576=89" /=;%<Jﬁﬃ":P6=ﬂﬁ " 89;%57>9?ﬀﬂﬁﬃ/=-.!# 


M
(i)
XX = M
(i−1)
XX + h[cos((i− 1)α) + cos(iα)]
M
(i)
XZ = M
(i−1)
XZ − h[sin((i− 1)α) + sin(iα)]
M
(j)
Y Y = M
(j−1)
Y Y + h[cos((i− 1)α) + cos(iα)]
M
(j)
Y Z = M
(j−1)
Y Z − h[sin((i− 1)α) + sin(iα)]
P
(i)
XX = P
(i−1)
XX + 2

sin(iα) tan[(2i− 1)α
2
]
P
(i)
XZ = P
(i−1)
XZ + 2
ﬃ
sin(iα)
N
(j)
Y Y = N
(j−1)
Y Y + g cos[(2j − 1)α2 ]
N
(j)
Y Z = N
(j−1)
Y Z + g sin[(2j − 1)α2 ]
P
(j)
Y Y = P
(j−1)
Y Y + g sin[(2j − 1)α2 ] tan[(2j − 1)α2 ]
+ 2
 
sin(jα) tan[(2j − 1)α
2
]
P
(j)
Y Z = P
(j−1)
Y Z + g sin[(2j − 1)α2 ] + 2
  
sin(jα)
5UT9X61ﬂ+89?ﬀ#/=ﬁ /189?#+r/1?#/ ﬁﬃ/_5V61+t+ !#/ TV57?Cﬁﬃ+  


M
(i=0)
XX = 0;M
(i=0)
XZ = 0
M
(j=0)
Y Y = 0;M
(j=0)
Y Z = 0
P
(i=0)
XX = 0;P
(i=0)
XZ = 0
N
(j=0)
Y Y = 0;N
(j=0)
Y Z = 0
P
(j=0)
Y Y = 0;P
(j=0)
Y Z = 0


wO ;%57?#/=<" X>9ﬂ?#" 5761
D
6=0ﬀ6_57ﬂ;?CﬁO n !#?pﬂ" /=+:ﬁI5V6 -.!#ﬂ61ﬂ89?#-.!#
(i, j)
#!S576187" /1;<ﬂﬁ " 6= v
ﬁﬃ":89;m5V>9?#ﬂﬁ /1-.!#+ﬂn Jo ﬂﬂﬁﬃ!ﬀP?%#ﬂﬁ " ;/1?#57?Cﬁt6=+ 8u89":#89?#?#ﬂ+Pb
D

D
'g #!%ﬂ?.ﬁ " Q#!mﬂ" /1+,ﬁI576Gﬀ
6_5 ;%57?#/=<" O+ !#/ T75V?.ﬁ ﬂ 


X(i, j) = M
(i)
XX + P
(i)
XX
Y (i, j) = M
(j)
Y Y +N
(j)
Y Y + P
(j)
Y Y
Z(i, j) = L+M
(i)
XZ +M
(j)
Y Z + P
(i)
XZ +N
(j)
Y Z + P
(j)
Y Z
?F"ﬃ5V0#0Mﬂ6_57?Cﬁ -.!#
L
+,ﬁ 6_5Y#/=+:ﬁI5V?#]ﬂ?Cﬁﬃ" ^6=]ﬂ?.ﬁ " ^#!F":/1+,ﬁI576TR/=":ﬁ !#6
C0
Jﬁ 61]ﬂ?Cﬁﬃ":^#!
T9896=!#;JvN;<":   L,$On=K
2Q570ﬀ0Mﬂ6189?#+t-.!#
D
#57?#+

 &   @
D
61Q0#6_5V;?Cﬁ n !#?]T78961!ﬀ;%Q?#ﬂ+ +:/=ﬁ X?ﬀ89?]+ ﬂ!#61ﬂ;%ﬂ?Cﬁ61ﬂ+
8u89" ﬀ89?#?#ﬂ+b
D

D
'gO# + 87?cﬂ?Cﬁﬃ": G57?#+6= " J[\" ﬂ?Cﬁﬃ/1ﬂ6 #!pT98761!#;Jv ;%<ﬂ"  ;%57/=+O>95761ﬂ;%ﬂ?.ﬁ
6ZnA?#+:;
ﬀ61P#ﬂ+ 57?ﬀ>961ﬂ+XbE@ 57?#>96=+" 57#/157!R3Jﬁ @ 57?#>96=+5ﬂ/1; !ﬀﬁﬃ57!R3#gr#ﬁG?#/1+:+ﬃ57?Cﬁ 61)":ﬂ[\ﬂ" ?Cﬁ /16
618uU576'bZs5V?#>961ﬂ+ 0G57"t5 3Rzg #!%T78961!#;QjX0#6157ﬂ"t0#57" "ﬃ570#0289",ﬁjﬂ61!#/ #!T9896=!#;% vN;<": Jﬁr-.!#/20G57"
89?ﬀ+ -.!#ﬂ?CﬁP#Jﬁﬃ":;%/=?#)+ 87?k89":/1ﬂ?.ﬁﬃ5Vﬁﬃ/=89?hb T989/="6_5ﬁG>9!#":sRK
|
gJK
|9|
  " 89/=+ /1<ﬂ;%O0G57":ﬁ /1   ?k?ﬀ89!ﬀT957!eU576=89" /=;%<Jﬁﬃ" O61ﬂﬂﬁ " 89;%57>9?#Jﬁﬃ/=-u!ﬀP89;0#6=ﬂﬁI5V?.ﬁ6=)#ﬂﬁ Jﬁﬃ!ﬀ"
$'&)(ﬂﬁ #ﬂ#/1j 6ZnAJ3R02":/1?ﬀXw

$(
 rsuK |  (uIH#;%5l":0#":+ ﬂ?CﬁI57?Cﬁ6=+ l5V?#>961ﬂ+kbE@c57?#>96=+ "ﬃ57ﬀ/_57!R3*ﬂﬁm@l57?ﬀ>961ﬂ+%5  /1; !ﬀﬁI57!u3Gg
#%ﬁ#?#/1+:+ﬃ57?Cﬁ 6=" J[\" ﬂ?Cﬁﬃ/1ﬂ6ﬀ6=8R576 b  n
D
 n
D
 n g#! T9896=!#;jP0#6157ﬂ" 0G57" "ﬃ570#0289",ﬁ 57! ":ﬂ[\":?Cﬁﬃ/=6 b
D

D
'g'#!T78961!#;Jv ;%<ﬂ" VK  5 #ﬂﬁ ":;%/=?G5Vﬁﬃ/=89?X#tﬂ+ Q57?#>96=+02" ;ﬂﬁ:ﬁﬃﬂ?.ﬁ #rﬀ%ﬁG?#/="
6En 87" /1ﬂ?CﬁI5Vﬁ /189?
#!T9896=!#;j0#6157ﬂ"K
87" + -.!#6ZnA89?h#89?ﬀ?#m5V!l0#":89>9" 57;%;

 &   @^+ /43l57?#>96=+b
θX
D
φX
D
θY
D
φY
D
θZ
D
φZ
g)?ﬀ
#%ﬁ#?#/1+:+ﬃ57?Cﬁ0G5V+!#?" ﬂ0M<ﬂ" P89",ﬁﬃH#87?#89" ;%576
D
/=6M+:PIHG57":>9) nAﬂoMJﬁﬃ!#ﬂ"+ u+:ﬁ ;%5Vﬁﬃ/=-u!ﬀ;?Cﬁ!#?#)ﬂ89",v
" ﬂﬂﬁﬃ/=89?p-.!#/ ﬂ89?#+ /=+:ﬁ 
D
G57?ﬀ+)!#?l0ﬀ" ;/1ﬂ"Qﬁ ;0#+
D
j]ﬂ89" ":/1>9ﬂ"P61ﬂ+57?#>96=+
θY
ﬂﬁ
φY
?c/1;0289+ﬃ57?Cﬁ
−→y ⊥ −→x bdﬂﬁ #87?#ﬂ?k0ﬀ" ?#57?Cﬁ θX ﬂﬁ φX 89;;%PTV576=!#":+#X" ﬂ[\ﬂ" ﬂ?#Ug D 0#!#/=+ #57?#+ !#?k+:ﬂ89?#
ﬁﬃﬂ;%0#+
D
j 89":" /1>7"6=+ 57?#>96=+
θZ
Jﬁ
φZ
ﬂ?k/=;%0289+ﬃ5V?.ﬁ −→z = −→x × −→y K
 nA89":/1?Cﬁﬃ5Vﬁﬃ/=89?q nA!#? ":/1+:ﬁﬃ576 -u!ﬀ61ﬂ89?#-.!#
(i, j)
#!fU5V6189":/1;<ﬂﬁﬃ":Sﬂ61Jﬁﬃ":89;m5V>9?#ﬂﬁ /1-.!#k0Mﬂ!ﬀﬁ
576187" + Jﬁﬃ" #ﬁG?#/=XﬀX615 ;m5V?#/1<ﬂ" )+ !ﬀ/=TV57?Cﬁﬃﬂ 


θX = 90
◦ + iα
φX = 0
◦
θY = 90
◦ + jα
φY = 90
◦
&C57?Cﬁ57/1?ﬀ+ / #Jﬁﬃﬂ" ;/1?# 6=+)8u89":#89?#?#ﬂ+mb
D

D
'gO#!hﬂ?Cﬁﬃ":%# IHG5V-u!ﬀ%ﬂ" /1+,ﬁI576 G57?#+61
" J[\" ﬂ?Cﬁﬃ/1ﬂ6 #!T98761!#;Jv ;%<ﬂ"    L,$On#ﬂﬁ6En ﬂ?#+ ﬂ;
#6=)#++ /43^57?ﬀ>961ﬂ+#%ﬁ#?#/1+:+ﬃ57?Cﬁ 61P":ﬂ[\ﬂ" ?Cﬁ /16'6=8R576
#!c" /=+:ﬁﬃ576 0G57"" 570#0289":ﬁXj^ﬂ61!#/ #!hT98761!#;Jv ;%<ﬂ"  Jﬁ #Jﬁﬃﬂ" ;/1?G57?CﬁX57/=?#+ / + 89?c89" /=?CﬁI5 ﬁﬃ/187?
D
/16 5
ﬂﬁ 0289+:+ / 
ﬀ61 #0#6_5V"'ﬁ 89!#+61ﬂ+ ﬂ" /=+:ﬁI5V!R387?#+:ﬁ /=ﬁﬃ!#57?Cﬁ
6= U576=89" /=;%<Jﬁﬃ" 
6=ﬂﬁ " 89;%57>9?ﬀﬂﬁﬃ/=-.!#w

$(2K
3)!Rﬁﬃ" 615P>987;%Jﬁﬃ" /=#ﬂ+ﬂ" /=+:ﬁI5V!R3
D
?#89!#+5UT989?ﬀ+ﬂ>C576=;?Cﬁ /1;0#6157?Cﬁﬃﬂ616=#!ﬂﬁG61; 02896 u;<" 

Ys ***ﬂ?CT96=890#0G5V?.ﬁIHG57-.!#)":/1+,ﬁI576
D
57/1?#+:/M-.!#O6=61 #+ ﬁG?#+r0#6_57-.!#ﬂ+r n 57ﬂ/1"t+ !#"t61ﬂ+ -.!#6=61ﬂ+
" ﬂ0M89+:?Cﬁ 61ﬂ+ " 57?#>9ﬂ+#":/1+,ﬁI57!R3MK
 5];%57?#/=<": #89?Cﬁ6=+OT78961!#;+)":0#":+:?CﬁI57?CﬁX61	ﬁG61; 0M876 u;%<ﬂ" ﬂﬁ61ﬂ+P0#6157-.!#+) n 57ﬂ/1"O89?Cﬁ
ﬂﬁ Xﬀ%ﬁG?#/=++ " 5 
ﬀ" /1<JT9ﬂ;%ﬂ?.ﬁ 0#":+:?Cﬁﬃﬂ G57?ﬀ+ 615 + ﬂﬂﬁﬃ/=89?SsRK @RK
{
K
)0ﬀ6_57ﬂ;?Cﬁ#)ﬂ+T9896=!#;%ﬂ+5 ﬂﬁ XJo ﬂﬂﬁ !#?[\89?#Jﬁﬃ/187?#6=!#/ ﬀ+":/1+:ﬁﬃ57!R3MK  ?eﬂoMﬂﬁ
D
0M87!#" IHG5V-u!ﬀmT9896=!#;m" ﬂ0#" ﬂ+ ﬂ?.ﬁﬃ57?Cﬁ!#?#]0#6157-.!#m n 57ﬂ/1ﬂ"
D
61+8u89" ﬀ89?#?#ﬂ+^b 
D

D
'g#]+:89?
|.
$rHG570ﬀ/=ﬁﬃ":sRKY(u/1; !#615Vﬁﬃ/=89?]5UT7

 &   #!eU5V6189":/1;<ﬂﬁﬃ":Oﬂ61Jﬁﬃ":89;m5V>9?#ﬂﬁ /1-.!#w

$(
ﬂ?.ﬁ " Y87?.ﬁmﬂﬁ Y8
ﬀﬁ ?.!#+ﬂ?qU5V61!ﬀ6_57?Cﬁ%61+ﬁﬃ" 57?#+ 615Vﬁﬃ/=89?#++ ﬂ0G57"ﬃ5V?.ﬁmYﬀ" ?ﬀ/1"%#!fﬂ?Cﬁﬃ" S#!
":/1+:ﬁﬃ576.ﬂ?.ﬁ "ﬃ576R#r615Q" 57?#>9ﬂrH#89":/ ﬂ89?CﬁI576=tﬂ89" ":+ 0289?##57?Cﬁﬃ7K7wO; ;
D
6ZnA?ﬀ+ ;ﬃ
#61t#+ +:/ 3 57?#>761+
#%ﬁ#?#/1+:+ﬃ57?Cﬁ+ 89?%89" /=?CﬁI5 ﬁﬃ/187? 89?CﬁtJﬁﬃ#ﬂ#!#/=ﬁ +rj)0G5V":ﬁﬃ/=" #ﬂ!R3U576=!#6=+ 0289!#"  ":/1+,ﬁI576#ﬂ?Cﬁﬃ" 576ZK
<o    !ﬀ*0&',ﬁ$ ﬁ$*+('), # ,5	ﬂﬁ$Hﬁ #5	
Q89!#+ 5zT789?#+ 57/=?#+ /tﬂoMJﬁﬃ!#6En /=;%0#6157?CﬁI5Vﬁ /189?hG5V?#+

(RL  #6_5k>989;ﬂﬁ " /=%#!F576189":/1;<ﬂﬁ " 
6=ﬂﬁ " 89;%57>9?ﬀﬂﬁﬃ/=-.!# w

$(l89;0#":?G57?CﬁX61ﬂ+ﬂ" /=+:ﬁI5V!R3
D
61 ﬁG61; 0M896u;%<ﬂ"  ?CT761870#0G57?Cﬁ IH#57-.!#
":/1+:ﬁﬃ576
D
ﬂﬁ 61ﬂ+0#6_5V-u!ﬀ+ n 57/="+ !ﬀ" 6=+:-u!ﬀ616=+" ﬂ0M87+ ?Cﬁ 61ﬂ+"ﬃ57?#>7+#ﬂ" /1+,ﬁI57!u3 K
 5 ﬁG>9!#":)sRK . ;89?Cﬁﬃ":Qﬀ+tTu!#ﬂ+#Q89!#02OJﬁﬂ?]0Mﬂ" +:0Mﬂﬂﬁﬃ/ T9Q#Oﬂﬂﬁ ﬁ P>9ﬂ89;%Jﬁﬃ":/1/1;0#6_5V?.ﬁ 
G57?#+

(RL lK2$rJﬁ ﬁﬃ)Tu/1+:!G576=/1+ﬃ5 ﬁﬃ/187?]+,ﬁQ02":;%/=+ )0G5V"6_5 T9ﬂ" + /=89?e/1?Cﬁﬃﬂ"ﬃ57Jﬁﬃ/=T7)#

 &   @ﬀK
  suK
.


!#+ #X6_5 >987;%Jﬁﬃ" /=)#!eU576=89" /=;%<Jﬁﬃ" O61ﬂﬂﬁ " 89;%57>9?#Jﬁﬃ/=-u!ﬀw

$(e/1;0#6_57?Cﬁ )G57?ﬀ+

(uL lKﬀ5TR!ﬀP?]H#57!ﬀﬁjX>C57!#IHﬀP" ﬂ0#" ﬂ+ ?Cﬁ )61 0#6_57?Yb+3  'g ﬂﬁﬂ6=61 ?]HG5V!ﬀﬁjX#" 89/ ﬁﬃ 61 0#6_5V?
b+3  'gJK# 5 Tu!#X?e0Mﬂ" +:0Mﬂﬂﬁﬃ/ T9? 
G57+ﬂ+:ﬁQ+ 6=89?^6Zn 5 3Rb+3 'gJK
(R!#" ﬂ+ Tu!#+
D
61ﬂ+ 89?Cﬁ 89!#" + #+ ﬂ" /1+,ﬁI57!u3*570ﬀ0G57"ﬃ5V/1+ +:?Cﬁ ?*?ﬀ89/1"
D
ﬂ!R3`#! ﬁG61; 02896 u;<" 
? 
#61ﬂ!
D
ﬂ!R3c#ﬂ+0ﬀ6_57-.!#ﬂ+X n 57ﬂ/1ﬂ")?c" 89!#>77K'+)T98761!#;++ / ﬁﬃ!#ﬂ+X57!lﬂ?Cﬁﬃ":%ﬀ!l576189":/1;<ﬂﬁ " 
|
ﬀ
  " 89/=+ /1<ﬂ;%O0G57":ﬁ /1   ?k?ﬀ89!ﬀT957!eU576=89" /=;%<Jﬁﬃ" O61ﬂﬂﬁ " 89;%57>9?#Jﬁﬃ/=-u!ﬀP89;0#6=ﬂﬁI5V?.ﬁ6=)#ﬂﬁ Jﬁﬃ!ﬀ"
$'&)(ﬂﬁ #ﬂ#/1j 6ZnAJ3R02":/1?ﬀXw

$(
ﬂﬁX#89?Cﬁ61ﬂ+ﬂ89?Cﬁﬃ89!#":+ 570ﬀ0G57"ﬃ5V/1+ +:?Cﬁ?lT7",ﬁ ﬂ89" ":+ 0289?#ﬀ?Cﬁ j^#+XT9896=!#;%ﬂ+#%ﬁG?ﬀ/1+5zT7%6Zn 57/1"
89;;P;m5 ﬁﬃ":/_57!^5V+ + 8u/=7KG'ﬂ!#"" "96=)+ " 5 3R0M89+:#57?#+6_5 +:ﬂﬁ /189?SsRK @ﬀK { K
 5`Tu!#c+ / ﬁﬃ!#ﬂp? HG57!ﬀﬁkj*>C57!#IHﬀl#h615 ﬁG>9!#":c":0#":+:?Cﬁﬃl!#?#pTu!#h#h89!#02h+ !#/ TV57?Cﬁ
6Zn 5 3RYb 3 g
D
Jﬁ ﬂ616=%+:mﬁﬃ":89!ﬀTV57?Cﬁ ﬂ?*HG57!ﬀﬁ jS#":89/=ﬁ %!#?ﬀmTu!#]#]ﬂ89!#02m+:!#/=TV57?Cﬁ 6En 5 3ﬀYb+3 gJK
5 TR!ﬀX+:/=ﬁ !#)ﬂ? 
G5V+" 0ﬀ" +:?CﬁﬃX!#?#)Tu!#)ﬂ?k02":+ 02ﬂﬁ /=T7X+:!#"6_5V-u!ﬀ616=P89?#/=+:ﬁ /1?#>9!ﬀ)6_5[\89":;%
8RJﬁﬃ89>789?G576=O#!eU576=89" /=;%<Jﬁﬃ":
D
5V/1?#+:/ -.!#61Pﬁﬃ":89!e+ /=ﬁ !#)?e+ 87?kﬂ?Cﬁﬃ":7K
 GsRK ﬀ 

!#Pﬂ?e@ #/1;?ﬀ+ /187?#+rG5V?#+

(RL  #P615 >987;%Jﬁﬃ" /=Qﬀ!U576=89" /=;%<Jﬁﬃ"  6=Jﬁﬃ" 87;m57>7?#Jv
ﬁﬃ/=-u!ﬀw

$(2K
 5 ﬁG>9!ﬀ"  sRK ﬀ ;89?Cﬁﬃ" !#?ﬀXTu!#X?S@#/=;%ﬂ?#+ /=89?#+#X6_5 >9ﬂ89;ﬂﬁﬃ":/1)#!kU576=89" /=;%<Jﬁﬃ":P6=ﬂﬁ " 8Vv
;m5V>9?#ﬂﬁ /1-.!#)w

$(k/=;%0ﬀ6_57?CﬁﬃﬂPG57?ﬀ+

(RL lK
)!#57?Cﬁj615 ﬁ#>9!#" PsRK *
D
6=61;%87?.ﬁ " Q!#?#QTu!#Q?@#/1;?#+:/189?ﬀ+ﬀO6ZnA?ﬀ+ ;ﬃ
#61 A576189":/1;<ﬂﬁ " 
bdﬂ?l":89!#>9Ug   + 896=?#8Z#kbdﬂ?&
#6=! g  /1;0#6_5V?.ﬁ  #57?#+

(RL 
D
6ZnA/1;0#6_57?Cﬁﬃ5Vﬁﬃ/=89?S#6_5>9ﬂ89;ﬂﬁﬃ":/1
#!m+:8961ﬂ?#8Z# 5 957?CﬁJﬁﬃ ﬂoMﬂﬁ !#O0G57" 6ZnA-.!#/=0M #!(, H  (ﬀ5V6_5 7K 3P?%#/1+,ﬁﬃ/1?ﬀ>9!#>C5V61;?Cﬁ+ !ﬀ"
6_5ﬃﬁG>7!#" !#?#0G5V":ﬁﬃ/=)#+ 
28
#/=?#++ !ﬀ0#"ﬃ57ﬂ89?##!ﬀﬂﬁﬃ":/1ﬂ+ #!kﬀﬂﬁﬃﬂﬂﬁ !#"O$'&)(cbd?
W
57!#?ﬀzgJK
<o    ﬀ-"	&@/1ﬀﬂﬁF()@		,5&ﬀ*+"ﬁ '/ # / #Oﬁ$!ﬀ*
Q?#l0#" 890ﬀ" /1Jﬁﬃh/1;0289":ﬁﬃ57?Cﬁﬃh/1?Cﬁﬃﬂ":T7?G57?CﬁSG57?#+k6_5F#%ﬁG?ﬀ/=ﬁﬃ/=89? #+eT9896=!#;%ﬂ+k#57?#+e61c0#" 8Vv
>9"ﬃ5V;%;

 &   @c+:ﬁ%6_5p?#8Vﬁﬃ/187? ﬀk0#":/189":/=ﬁ + #ﬂ+T78961!#;+ﬂK ? ﬂoMﬂﬁ
D
G57?#+6157+%8  i#ﬂ+
T9896=!#;+O+: " ﬂ89!ﬀTu":?Cﬁ
D
/=6
ﬂ+:ﬁ0289+ +:/ 
#6= # #%ﬁG?ﬀ/1"P6=!#"Q89" #": # 0ﬀ" /187" /=ﬁ 
D
/1;0289+ﬃ57?CﬁP57/1?#+:/
ﬀ
.
*
$rHG570ﬀ/=ﬁﬃ":sRKY(u/1; !#615Vﬁﬃ/=89?]5UT7

 &   #!eU5V6189":/1;<ﬂﬁﬃ":Oﬂ61Jﬁﬃ":89;m5V>9?#ﬂﬁ /1-.!#w

$(
  sRK  * 

!ﬀp? @*#/1;?#+:/189?ﬀ+]G57?#+

(RL  #p6ZnA?ﬀ+ ;ﬃ
#61  U576=89" /=;%<Jﬁﬃ":   +:8961ﬂ?#8Z#
?Cﬁﬃ87!#" 0G57"6=+ 
28
#/1?ﬀ++ !ﬀ0#"ﬃ57ﬂ89?##!ﬀﬂﬁﬃ":/1ﬂ+ #!kﬀﬂﬁﬃﬂﬂﬁ !#"O$'&)(MK
?#89!ﬀT76=61+#ﬂ61/1;/=ﬁﬃ5Vﬁﬃ/=89?#+ 57":ﬁ / ﬁGﬂ/16=61ﬂ+ 57!R3 T78961!#;+?#89?uvN0#":/189":/=ﬁI5V/1" ﬂ+ ﬂﬁt#ﬁG?#/1+:+ﬃ57?Cﬁr61;m5 ﬁﬃ":/_57!
#89;/1?G5V?.ﬁ?eIHG57-.!#X0M89/=?Cﬁ#6ZnA+ 0#57VK2$rﬂﬁ ﬁ 0ﬀ" 890#":/1Jﬁﬃ)+ X" JT9<ﬂ61)ﬁﬃ":<+!ﬀﬁﬃ/=61)57"6=61)02" ;ﬂﬁ
#+ /=;%0#6=/ ﬁGﬂ"rﬂ89?#+ /=#" 5
#6=;?Cﬁ6_5 #ﬁG?#/ ﬁﬃ/187?eﬀ[\87" ;+87;%0#6=J3R+ﬂK
VM2000
cristal
PbWO4
  sRK wOﬁG?#/=ﬁ /189?*ﬀ+ T98761!#;+ ":0#":+:?CﬁI57?Cﬁ%61 ﬁG61; 0M876 u;%<ﬂ" 

Ys***Y?CT9ﬂ61890ﬀ0G57?Cﬁ
IHG57-.!#X":/1+:ﬁﬃ576ZK
 5 ﬁG>9!#": sRK /16=61!#+,ﬁﬃ" 615m#%ﬁ#?#/=ﬁ /189?Yﬀ!YT9896=!#;%" ﬂ0#" ﬂ+ ?Cﬁﬃ57?Cﬁ6=	ﬁG6=; 0M896u;%<ﬂ" 

Ys***
?CT9ﬂ61890ﬀ0G57?CﬁSIH#57-.!#lﬂ" /=+:ﬁI5V6
D
!ﬀﬁ /16=/1+ﬃ5V?.ﬁ]0#61ﬂ/1?#ﬂ;%ﬂ?.ﬁ^ﬂﬂﬁ:ﬁﬃc0#" 890ﬀ" /1JﬁﬃVK Q89!#+e5UT987?#+SIH#87/1+ /)ﬀ
#%ﬁ#?#/1"6_5[\89":;% ﬂ89;%0ﬀ61J3R# T9896=!#;%je6Zn 57/1# ﬀ%#ﬂ!R3cﬁﬃ" 570M  8Z#+X# ﬁu0M   2Qw)s
D
ﬀ
; ﬂ;% ﬂ?Cﬁﬃ":rﬂﬁ + " ﬂ89!ﬀTu" 57?CﬁUK  89!#+
5UT989?#+
#%ﬁ#?#/R6=t0ﬀ61!#+ 0MJﬁﬃ/ ﬁ
ﬀrﬂ+ #ﬂ!R3Xﬁﬃ" 570M  8Z#+ ? 61!#/
5VoMﬂﬁﬃ57?Cﬁ 6=+ #/1;?ﬀ+ /187?#+ n !ﬀ? ":/1+,ﬁI576.ﬂﬁ
61 ﬁ !#?#>9+,ﬁI57?G5 ﬁﬃrﬀt0#6=89;
mb , 
 3
4
gﬂ89;%; ;m5 ﬁﬃ":/_57!
57+ +:8Rﬂ/1
D
ﬂﬁ6En 57!Rﬁﬃ"  ?X61!#/75Vo ﬂﬂﬁﬃ57?Cﬁ61+'ﬀ/1;?#+:/189?#+ # 6ZnA?#+:;
#6= " /=+:ﬁﬃ576   ﬁ#61; 02896R;<":7ﬂﬁ61

Ys ***)89;;;m5Vﬁ ":/_57! 57+:+ 8u/= b\?%" U5V61/=ﬁ 
D
?#Qﬂ89?#?G5V/1+ + 57?Cﬁ0G57+ 6_5)87;%0289+ / ﬁﬃ/=89? J3ﬀ57Jﬁﬃ #!
ﬁG61; 02896 u;<" QJ3R02" /=;%ﬂ?CﬁI576

Ys***
D
?#87!#+5UT989?#+IH#87/1+ / 61P;ﬃu6157"rﬂ89;%;P;%5Vﬁﬃﬂ" /157!]57+:+ 8u/=
#+:!)
#+:ﬁ /=ﬁ !ﬀﬁﬃ/=89?
D
61!ﬀ" + ﬂ89;%0289+:/=ﬁﬃ/=89?#+ " ﬂ+ 02ﬂﬁ /=T7+ ﬂﬁﬃ57?Cﬁ + !ﬀ0#0M87+ ﬂ+ + !-+ﬃ5V;%;?Cﬁ 0#":8RIHﬀ+Ig K 3P?
"ﬃ570ﬀ0Mﬂ6161)-.!#X6ZnA0#57/1+:+ !ﬀ"Q#! ﬁG61;0M896u;%<ﬂ" +,ﬁO#	CB
µ
; bd+:":0289":ﬁ "Qj615+:Jﬁﬃ/187?&9K
{
0289!#"
6_5 #ﬂ+ ﬂ" /10Rﬁﬃ/187?eﬀ+#/=oM":?Cﬁﬃ+ 6=;?Cﬁﬃ+ﬂ89?#+,ﬁﬃ/=ﬁ !G57?Cﬁ 6_5 >9ﬂ89;ﬂﬁﬃ":/1)#!^576189":/1;<ﬂﬁ " zg K
.

  " 89/=+ /1<ﬂ;%O0G57":ﬁ /1   ?k?ﬀ89!ﬀT957!eU576=89" /=;%<Jﬁﬃ" O61ﬂﬂﬁ " 89;%57>9?#Jﬁﬃ/=-u!ﬀP89;0#6=ﬂﬁI5V?.ﬁ6=)#ﬂﬁ Jﬁﬃ!ﬀ"
$'&)(ﬂﬁ #ﬂ#/1j 6ZnAJ3R02":/1?ﬀXw

$(
Q89!#+ 5UT987?#+Qﬀ89?#ﬂ 
fﬃ
[V M2000]
 
[cristal]
  CB
µ
;
f)s
[V M2000]
 s
[cristal]
  CB
µ
;
f
[V M2000]
 
[cristal]
 ?a#%ﬁ#?#/1+:+ﬃ57?Cﬁk61pﬁﬃ" 570M  8Z#c89":" +:0M87?#G57?CﬁS57!aﬂ" /=+:ﬁI5V6)+ !ﬀ6ﬂ89;%;pﬂﬁﬃ57?CﬁS6=pT9896=!#;%
0#" /=89" / ﬁI57/=" 
D
6Zn 57!ﬀﬁ " ﬁﬃ" 570M  8Z#X+  ":ﬂﬁ " 89!ﬀT7 ﬁﬃ":89?#-.!#?Y+:89?Yﬂ?Cﬁﬃ" ﬂﬁO/16?#X" +,ﬁﬃ 0ﬀ61!#+ -.!# 6_5
0G57",ﬁﬃ/1OJ3uﬁﬃﬂ" /1ﬂ!#" X87" " ﬂ+ 0289?#G5V?.ﬁQ57! ﬁG6=;02896 u;<" O n ﬂ0G57/=+ + ﬂ!#"!CB
µ
;ﬂ?.ﬁ 89!#" 57?CﬁO6=)" /=+:ﬁﬃ576ZK
 5 ; ;)87?#+:ﬁ " !#Jﬁﬃ/187?;m57/=+j 0G57",ﬁﬃ/1"t#)T9896=!#;+# 
G5V+ +#

 &  @ ? n 57!ﬀ"ﬃ57/ ﬁ/1;0#61/4v
-.!#0G57+;%87/1?#+ﬀ { ﬁﬃ" 5702  8  #ﬂ+K
Q?#];ﬂﬁ H#8u#m+:/1;/16_5V/1"  5kﬂﬁﬃm!ﬀﬁﬃ/=61/1+:0M87!#" 615k#ﬁG?#/=ﬁ /189?l#+ T78961!ﬀ;%ﬂ+ " ﬂ0#" ﬂ+ ﬂ?.ﬁﬃ57?Cﬁ 61ﬂ+
ﬁG?#ﬂ+0ﬀ6_57-.!#ﬂ+t n 57ﬂ/1" +:!#" 61ﬂ+ -.!#6=61ﬂ+":0289+ ﬂ?Cﬁr6=+ ":/1+,ﬁI57!R3MK  89!#+t5zT789?#+#%ﬁ#?#/G#+ ﬁﬃ" 5702  8  #ﬂ+
5UT96En 5V/1ﬂ"
ﬂ89;;%t;m5Vﬁ ":/_57! 57+ +:8Rﬂ/1
D
ﬁﬃ":89?#-.!#+ ﬂ? 61!ﬀ" ;/161/=!jP6Zn 57/1ﬀt#ﬁ "ﬃ5702 ﬂ8 ﬀ+ #ﬁG?#/=+
5UT9m6Zn 57/1"X89;;%;%5Vﬁﬃﬂ" /157!`57+:+ 8u/=
D
#];%57?#/1<ﬂ" %jY?#]6157/1+:+ "X-.!#]6=+ s × { D Bk;;  n 57ﬂ/1ﬂ"
0M87":ﬁI5V?.ﬁ6=+ﬂ" /1+,ﬁI57!u3^?e61ﬂ!#" + 3Rﬁ " ﬂ;%/ ﬁﬃ+ﬂK
 sRK s 

!#k0G57":ﬁ /1ﬂ6161ﬀS6_5  89?ﬀSﬂ?Cﬁﬃ"ﬃ5V61Sﬀ! U5V6189":/1;<ﬂﬁﬃ":^;%89?Cﬁ "ﬃ57?Cﬁ%G57?#+

(RL  61ﬂ+
#/=oM":?Cﬁﬃ+ ;m5Vﬁ ":/_57!R3 57+:+ 8u/=+ 57!u3`T98761!#;+" 0ﬀ" +:?CﬁI5V?.ﬁ6=+ #/ T9ﬂ" + 87?#+:ﬁ /=ﬁﬃ!#57?Cﬁﬃ+ #ﬂ6=!#/ v
/EK 3P?F#/1+,ﬁﬃ/1?ﬀ>9!#0G57",ﬁﬃ/=616=;?Cﬁ ﬀ!R3Fﬂ" /=+:ﬁI5V!R3 b\? ?#89/1"ﬃg 570#0#57":ﬁ ?G57?Cﬁ%jp6_5Yﬂ89!#IH#^/1?Cﬁ " ?ﬀ
#mﬂ" /=+:ﬁI5V!R3
D
61 ﬁG61; 02896 u;<":Yb\? 
#6=! g61+?CT9ﬂ61890ﬀ0G57?Cﬁ
D
5V/1?#+:/t-.! nA!#?#0#6157-.!#m n 57ﬂ/1ﬂ"bdﬂ?
" 89!ﬀ>9zg K
LN65Jﬁﬃ>C5V61;?Cﬁ ?#ﬂ+:+ﬃ57/=" X#ﬁﬃ" 87?#-.!#"
D
j6En 57/=#) n 57!ﬀﬁ " +ﬁﬃ" 5702  8  #ﬂ+ ﬀ%ﬁG?#/=+89;;%
0#" /=89" / ﬁI57/=" ﬂ+t5UT7P6En 57/="tﬂ89;;% ;m5 ﬁﬃ":/_57!m57+ +:8Rﬂ/1
D
ﬂ":ﬁﬃ57/1?#ﬂ+r0#6157-.!#+r n 5V/1ﬂ"G57?ﬀ+6_5 89?#O?uv
ﬁﬃ" 5761Q#!U576=89" /=;%<Jﬁﬃ":O5 ﬁ#?#)" ﬂ+ 02ﬂﬁ "6=+#ﬂ61/=;%/ ﬁI5Vﬁ /189?#+ ﬀ!^ﬁ " 89!m+ /=ﬁ !#)57!ﬂ?Cﬁﬃ":#Pﬂ61!#/4vNﬂ/ZK
.
s
$rHG570ﬀ/=ﬁﬃ":sRKY(u/1; !#615Vﬁﬃ/=89?]5UT7

 &   #!eU5V6189":/1;<ﬂﬁﬃ":Oﬂ61Jﬁﬃ":89;m5V>9?#ﬂﬁ /1-.!#w

$(
 5 ﬁG>9!ﬀ" msRK zs^;89?Cﬁﬃ":%6=+#/=oM":?Cﬁﬃ+;m5 ﬁﬃ":/_57!u3h57+:+ 8u/1ﬂ+ 5V!R3hT9896=!#;+X" 0ﬀ" +:?CﬁI5V?.ﬁ 61ﬂ+
#/=T7":+ ﬂ89?#+,ﬁﬃ/=ﬁ !G57?Cﬁﬃ+#!eU5V6189":/1;<ﬂﬁﬃ":ﬃ 
f6En 57/=" +:/=ﬁﬃ!ﬀ]G57?#+ 615  89?ﬀ?Cﬁ "ﬃ576=cbd;/161/=!c/1?#/ ﬁﬃ/1576 #!*T9896=!#;% vN;<":   L,$On  ﬁ "ﬃ5702 ﬂ8 ﬀ
#ﬂ61/=;%/ ﬁﬃOﬂ?eT7",ﬁ g
D
f6=Pﬁﬃ!#?#>7+:ﬁI5V?G5Vﬁﬃ#0#6=89;
 , 
 3
4
87?#+:ﬁ /=ﬁﬃ!#57?CﬁQ6=+ﬂ" /1+,ﬁI57!u3
D
ﬀ61/=;%/ ﬁﬃﬂ+?e?#89/="
D
f6=ﬁG61; 0M896u;%<ﬂ" 

Ss***
D
#6=/1;/=ﬁﬃQ? 
#61ﬂ!
D
f6En 57ﬂ/1ﬂ"89;0M87+ﬃ57?Cﬁ61ﬂ+0#6_5V-u!ﬀ+
D
ﬀ61/=;%/ ﬁﬃﬂ+ﬂ?k":89!#>9VK
&C57?Cﬁ 3R0#61/=-u!ﬀO# -.!#6=61 ;m57?ﬀ/1<":61T9896=!#;% " ﬂ0#" ﬂ+ ﬂ?.ﬁﬃ57?Cﬁ61 ﬁG6=; 0M896u;%<ﬂ" ?CT9ﬂ61890ﬀ0G57?Cﬁ
IHG57-.!#Q" /=+:ﬁﬃ576 5UT75V/=ﬁﬂﬁ Q#ﬁG?#/
D
/=6#+,ﬁrﬁ ;0#+tﬀQ":ﬂT9ﬂ61ﬂ"t-.!#Q61+ TV5761ﬂ!#" + #ﬂ+r0G5V"ﬃ57;<ﬂﬁ " +Qb\
D
s
D
  
D
 Xs
D

D
ﬂﬁ
h
g !Rﬁﬃ/16=/1+:+ #57?#+6_5)+ ﬂﬂﬁﬃ/=89?msRK @RK sP0289!#" 61ﬂ+ U576=!#6=+ ?#ﬂ+ + 57/1":+r57!%0ﬀ6_5 v
ﬂ;%ﬂ?.ﬁ #ﬂ+" /=+:ﬁﬃ57!R3^ﬂ89" ":+ 0289?##57/1ﬂ?.ﬁ ﬂ?k":U576=/=ﬁﬃP57!R3^#/=;%ﬂ?#+ /=89?#+#!T78961!#;)#)ﬁu0M   2 w)s
" ﬂ0#" ﬂ+ ?Cﬁﬃ57?CﬁO6=ﬁG61; 0M896u;%<ﬂ" 7K
<o=
 p# &',5Hﬁ #5	 ( ;&'  	6/   !ﬀ,ﬀ-.ﬁ0/1	 !"ﬁ$#%&'
(R!#/=ﬁ je6En /=;%0#6157?CﬁI5Vﬁ /189?eG57?ﬀ+

(RL  #%615>989;ﬂﬁ " /= #!l576187" /1;<ﬂﬁ "  ﬂ61ﬂﬂﬁﬃ":89;%57>9?#Jﬁﬃ/1-.!#
w

$(
D
61%0#" ﬂ;%/="Xﬁﬃ+,ﬁ 5Yﬂﬁ ] nAﬂoMJﬁﬃ!#ﬂ" 6_5S+:/1; !#615Vﬁﬃ/=89?h nA!#?#>9ﬂ" 
2]6=ﬂﬁ " 89;%57>9?ﬀﬂﬁﬃ/=-.!#m+:
0#" 8u#!#/=+ﬃ57?Cﬁ j 6ZnA/1?Cﬁ " /=!#"r#6=!#/ v /EK
 5 ﬁG>7!#" ksRKz@p/16=61!#+,ﬁﬃ" %!#?#^+ /=; !#615Vﬁﬃ/=89?`ﬂoMJﬁﬃ!#ﬂS5UT7e6_5ST9ﬂ" +:/189? /1?Cﬁﬃﬂ"ﬃ57Jﬁﬃ/ T9#

(RL 
ﬂﬁ);ﬂﬁ:ﬁI57?Cﬁ)ﬂ?
W
!h!#?h0#H#87ﬁ 89?h# 



;/1+OT7":+X6= U5V6189":/1;<ﬂﬁﬃ": w

$(h5UT9 !#?c57?ﬀ>961 ﬀ
.
ﬀ>9":+0G5V"t" 570#0289":ﬁtj6En 5 3ﬀ #![d57/1+:U5V! K 3)?T989/ ﬁr0#57":[d57/ ﬁﬃﬂ;%ﬂ?.ﬁ615X>9ﬂ" 
2Qﬂ61ﬂﬂﬁﬃ":89;%57>9?#Jﬁﬃ/1-.!#
+ [\89" ;" j 6ZnA/1?Cﬁﬃﬂ" /=!#"#ﬂ+Oﬂ" /1+,ﬁI57!u3e89?#+,ﬁﬃ/ ﬁﬃ!G57?CﬁQ61U5V6189":/1;<ﬂﬁﬃ":7K#(R!#" 6_5 TR!ﬀ #X89!ﬀ0MX+ / ﬁﬃ!#ﬂ
? H#57!ﬀﬁ jQ>C57!#IH#t#615$ﬁG>9!ﬀ" 
D
89? ﬀ/1+:ﬁ /1?#>7!#t6=r576189":/1;<ﬂﬁ "  w

$(
D
6=t+:8961ﬂ?#8 ﬀrﬂﬁ 6_5 0#" ﬂ;%/=<" 
" ﬂ>9/189?ﬀ+ IHG57;
#":+ j #":/=T77K
wP57?#+%6_5YT9ﬂ" + /=89?q/=?.ﬁ " 57ﬂﬁ /=T9^#! 0#" 89>7"ﬃ57;;%

 &  @
D
61+ ﬁ "ﬃ5
W
ﬂﬂﬁﬃ87/1" ﬂ+%ﬀ+m0#57":ﬁ /1!ﬀ61+
IHG57":>9ﬂ+)570#0G5V"ﬃ57/=+ + ﬂ?Cﬁ)?Y":89!#>9
D
Jﬁ)ﬂ616=+Oﬀ+P0G5V":ﬁﬃ/=!#6=+ ?#!Rﬁﬃ" ﬂ+)? 
ﬀ61!
D
ﬂ -.!#/ ?#87!#+P02",v
;%Jﬁ
D
#57?#+61)57+#ﬂﬁ:ﬁﬃ+ /=; !#615Vﬁﬃ/=89?
D
##/1+,ﬁﬃ/1?ﬀ>9!#"6=+0#Hﬀ87ﬁﬃ89?ﬀ+ ﬀ+ 61ﬂﬂﬁ " 89?#+ V0289+ / ﬁﬃ" 87?#+K
$rﬂﬁ ﬁ k+:/1; !ﬀ6_5Vﬁ /189?*;89?Cﬁﬃ":e-.! nA!#?#e>9ﬂ" 
2kﬂ61Jﬁﬃ":89;m5V>9?#ﬂﬁ /1-.!#/=?##!#/ ﬁﬃ^0G57" !#?i0#H#87ﬁ 89?iﬀ




v6ZnA?#ﬂ" >9/= ﬁu0#/1-.!# #ﬂ+)0#H#87ﬁ 89?#+/1+:+ !#+)ﬀ 6_5m":U57Jﬁﬃ/187?hw

$(hG57?#+)6= U5V#"  # ?ﬀ87ﬁﬃ":
J3R02" /=?#ﬂ ﬂﬁI5V?.ﬁﬀ6En 87" #": #!



v 0ﬀ" +:?Cﬁﬃ!#?X"ﬃ5 987?ﬁ "ﬃ57?ﬀ+:T9ﬂ" +:t+:!#0Mﬂ" /=!#":tj615#/1;?#+:/189?
ﬁﬃ" 57?#+:T7":+ P nA!#?%" /=+:ﬁﬃ576 ﬂﬁt-u!ﬀO6187?#>9/=ﬁ !##/=?G5761ﬂ;%ﬂ?Cﬁ
D
6_5-u!#57+ /4v ﬁﬃ8VﬁI576=/=ﬁﬃr#O615X>9ﬂ" 
2Qﬂ+:ﬁr89?Cﬁﬃﬂ?.!#
G57?#+615 6=89?#>9!ﬀ!#" nA!#?e" /=+:ﬁﬃ576ZK $rﬂ/'[d57/=+ﬃ57/ ﬁ0G57",ﬁﬃ/1)ﬀ+ 89?Cﬁﬃ" 57/1?Cﬁ + -u!ﬀ6En 89?^+ﬂn JﬁI57/ ﬁQ/=;%0289+:+
6189":+#c6_5F0#HG57+:l#c87?#ﬂ0ﬀﬁﬃ/=89? #!aU576=89" /=;%<Jﬁﬃ":
D
JﬁS0ﬀ61!#+e0#" ﬂ/=+ ;?Cﬁk6189":+^#! IH#87/ 3 #ﬂ+
#/1;?ﬀ+ /187?#+#ﬂ+Qﬂ" /1+,ﬁI57!u3 K 5 + /=; !#6_5 ﬁﬃ/187?]5UT9ﬂ

(RL  Tu/=?Cﬁ #89?#87?ﬁG" ;"6=
M89?^IH#87/ 3^#ﬂ+
#/1;?ﬀ+ /187?#+K
.
@
  " 89/=+ /1<ﬂ;%O0G57":ﬁ /1   ?k?ﬀ89!ﬀT957!eU576=89" /=;%<Jﬁﬃ" O61ﬂﬂﬁ " 89;%57>9?#Jﬁﬃ/=-u!ﬀP89;0#6=ﬂﬁI5V?.ﬁ6=)#ﬂﬁ Jﬁﬃ!ﬀ"
$'&)(ﬂﬁ #ﬂ#/1j 6ZnAJ3R02":/1?ﬀXw

$(
 ﬀsuK z@ 

!#+tG57?#+

(uL  # 6_5)+ /=; !#615Vﬁﬃ/=89?  nA!#?# >9" 
M 6=ﬂﬁ " 89;%57>9?ﬀﬂﬁﬃ/=-.!#+ [\89" ;%57?Cﬁtj
6ZnA/1?Cﬁﬃﬂ" /=!#"#!^U576=89" /=;%<Jﬁﬃ":Ow

$(ﬂﬁ/=?##!#/ ﬁﬃO0#57"!#?^0#H#8Vﬁﬃ89?#ﬃ



ﬂ?CT98 95UT9!#?^5V?#>961
#
.
#>9":+0G57"" 570#0289":ﬁ j 6Zn 5 3R)#!^[d57/1+:57! K
   


 
 


	
 
 

 
  
$r89;%; 3ﬀ0289+X0ﬂ;%;?ﬁﬀﬂG57?ﬀ+ 615 +ﬀﬃ/=89?'9K BRK %b\0G57>ﬃ CB7g
D
6+ ﬂ6!ﬀ":89?#+ 9796=6!#Jv
0ﬂ+ﬂ?$ﬀ?ﬁﬀ&%ﬀ? 
%#/ﬀ'[\89?/1;0M8(ﬀI5V?$ﬀ
D
U5V0G5
#6ﬂQ?#8 ('89;0#61<ﬀ"ﬂ;)ﬂ?$ﬀ6150;/1<*ﬂ>9/187?
+ IHG57;
+rj / TﬃO+:8ﬃ%#+t6!%t-$%G57?ﬁﬀ /ﬀ"VK,-ﬂ "96.%m+ 876!?ﬀ8/
D
#89?ﬁﬀ6.?ﬁﬀ"0+1ﬀ+ /2ﬀ"% +%
6Zn 5 3 *%[d5V/1+U5(%
D
j4%#?0#/=+ﬀI5V?*
{
ﬂ;5?m57;%87?$ﬀ6%7ﬂ?ﬁﬀ".6_58/ 
#6!
D
+1ﬀ# 0#/>ﬃ;%5 v
>9?ﬀﬃ/1-$%ﬂ;)ﬂ?ﬁﬀ8+8ﬂ6!ﬀ":89?#+
D
-$%#/ 0+?ﬁﬀ"ﬂ?ﬁﬀ9%#?:ﬂ?:>9/!;6_5<ﬀﬃ/=T(;?ﬁﬀP[d57/ 
#6!]b=ﬀu0#/=->%;?ﬁﬀ
 6En 8ﬃ -$%6=-$%+?

g
D
ﬂ?p>ﬃ?ﬃ5V?$ﬀ8%ﬀ?@IHG57;0p+ 896?#8AG576B nCﬂ?CTR/ 89?cB D+:6_55(%3ﬀﬃ8ﬃ%
X6_5:/ 
#6!
D
X->%ﬀ/ 0E:;)ﬀﬀﬃ5;ﬂ89?ﬁG?0ﬀﬂ[d57/)+:0#/! 576! +.6ﬀ 89?ﬀ+ 97 616!  
G57+ +
? >9/^5(%ﬀ 8ﬃ%9^6En 5 3 
%*[d57/=+U5(%Fﬀ;e6+9ﬂ;%0 IH;^0Gﬂ?ﬀ#57?#+ 6!ﬂ+:ﬀﬀ"% +
89?ﬀ+ﬀﬃ/2ﬀ"%G5V?$ﬀQ$&,'&P(
D
?e0G5(1ﬀﬃ/!%#61/615 0ﬂ;%/=<>7/189?ﬂ+ﬂIH#57;
+Qj; / TﬃVK
.7{
$rHG570ﬀ/ﬀ"sRKY(u/1;9%#615 ﬀﬃ/=89?]5UT(

 &   % U5V618ﬃ:/1;<ﬀ"0ﬂ6!ﬀ":89;m5V>9?ﬀ /1-$%w

$(
, ﬂ+ >ﬃ87;)ﬀ" /+9% 57618ﬃ:/1;<ﬀ%w

$(Fﬀ;%F+:896!ﬂ?#8/ ﬀﬃ57?ﬁﬀ%/=;%0ﬀ6_57?ﬁﬀ"+G57?#+ 6!m0 8Vv
>ﬃﬃ5V;%;

(RL 
D
' ?ﬀ/!-ﬂ89?ﬁﬀ"ﬂ?G57?ﬁﬀ ﬀﬃ8ﬃ%ﬀ 6_5>ﬃﬂ89;)ﬀ":/!	ﬂ+?#89;
%R36!ﬂ;)ﬂ?ﬁﬀﬃ+-87?#+ﬀ /ﬀ"%#57?ﬁﬀ
6!ﬀ"ﬀ%O$&,'&)(
ﬀﬂ#/1+:0M87+ﬃ57?ﬁﬀ*
W
j n %#?85(ﬀ4IHG57;0k0E:;)ﬀﬀI5V?$ﬀ 5 %e0 89>ﬃ 57;;)
+ /=;9%#6_5<ﬀﬃ/187?:.0:83%#/!Q6+'ﬂoGﬀﬃ+ %7IH#57;%0%;m5V>9?ﬀ /1-$% bd+:896!ﬂ?#8/   
28
#/=?+'P$&,&P(#g
D
/16#?ﬀ8ﬃ%#+6+1ﬀj0ﬂ+ﬂ?$ﬀt0289+ +:/ 
#6ﬂﬂU576=/1+ ﬂ+t+:/1;9%#615 ﬀﬃ/=89?#+
0/1++t;)ﬀﬀI5V?$ﬀ6ﬂ?m+:/ﬀ"%#5 ﬀﬃ/=89?9ﬀﬃ8ﬃ%ﬀ+
6!ﬂ+ 6!ﬂ;)ﬂ?ﬁﬀﬃ+*%^[=%ﬀ"% ﬀ/1+ 0289+:/ﬀﬃ/ [ J3R0E /=;)ﬂ?ﬁﬀI576EK
<   ,5,5&'* ﬁ$/ Hﬁ #5	 ('& /  ,5C(' ,  	#V	ﬂﬁ9*0	,!ﬀHGI('	,oﬀﬂﬁ$	&/1	ﬂﬁ9,5 -"#  ,5
Q8ﬃ%#+r5UT989?#+ Jo ﬀ%%#?O+ /1; %#6_5 ﬀ /189?;% 
%#/2ﬀ#Q[\89? 97 616!5zT()615XTﬃ +:/189?]/=?ﬁﬀ" 5(ﬀ /=T(


(RL  +ﬃ57?ﬀ+m6_5h>ﬃﬂ89;)ﬀ":/!% 57618( /1;<ﬀ
ﬂ6!ﬀ":89;m5V>9?ﬀ /1-$%ew

$( ﬀ)? +ﬃ5 ﬀﬃ/ TV57?ﬁﬀ
6!ﬂ+.Jo ﬀﬃ+% IHG57;0Y;m5V>9?ﬀ /1-$%4%Y+:896!ﬂ?#8/
D
 -$%#/ 0E ;ﬀ0Tu/=+%G576=/1+ 6!+*ﬀ" 5
W
ﬀﬃ89/ﬂ+
+%#/ Tu/!+ 0G5( 6+9ﬂ6!ﬀ":89?#+ 9796=6! ?F6En 5
ﬀ+?

IHG5V;%0*;%57>9?ﬀﬃ/=->%]>ﬃ?^5 %ﬀﬃ8ﬃ%96_5
/ 
#6!VK
$#/ +ﬀ/=616%#+ﬀO0#5(6_5 ﬁG>ﬃ%XsRK 
{
K 3P?87?#+ﬀﬃ5 ﬀ")-$%)615 0ﬂ;%/=<ﬂ>9/189?7+ IHG5V;
ﬂ+ j
:/=T( +*ﬀ" 8(%ﬀTﬃﬂ89;0#6=<ﬀ"ﬂ;)ﬂ?ﬁﬀ ?#8 ﬃQ+:8ﬃ%#+ 6!#ﬀ <ﬂ+>(ﬃ57? ?#87;
  nCﬂ6!ﬀ":89?#+ 9796=6!b ﬀﬀ
+ /=;9%#6_5<ﬀﬃ/187?78(ﬂ+ 0289?Sj 615 >ﬃ?ﬃ5<ﬀﬃ/187?  nCﬂ6!ﬀ":89?#+ 9796160E?G57?ﬁﬀﬂ%#?)[=?  ﬀ"ﬂ s * ?ﬀ+IgJK
,-
M87?h[\87?ﬀ /189?#?;?ﬁﬀﬂ+4IH#57;
+j
:/=T( ? 0M8(% 57/ﬀ
#/!ﬂ?c+ )0G57+  ﬀ" 57+ +%;G57?ﬀ+
ﬀ"ﬂ616!ﬂ+&87?#/ﬀ /189?ﬀ+K
, 5T>%+ /ﬀ%tj* 89/2ﬀ" 6_5ﬁG>(%;%87?$ﬀ 6_5+:/1;9%#615 ﬀﬃ/=89?ﬂoGﬀ"%#ﬀﬀ[\87/1+,v//ﬃﬂ? 5(ﬀﬃ/ T75V?$ﬀ
6!4IHG57;0Y;%57>9?ﬀﬃ/1-$%
D
6%#/ v// ﬀﬃ57?ﬁﬀﬂ?$ﬀ +%P6En 5 3 %S[d57/=+5(%
D
j7%#? #/1+1ﬀI57? 
{
;
?57;89?ﬁﬀ %ﬂ?$ﬀ* 615/ 
ﬀ6!7K 3P?)ﬂ89?#+ﬀﬃ5 ﬀ" ﬂ6_57/ﬂ;)ﬂ?$ﬀ 6Zn ﬂoGﬀ *ﬂ89?ﬁG?ﬂ;)ﬂ?ﬁﬀ++66ﬀ 89?ﬀ+
9796=6!5(%ﬀﬃ8(% 6Zn 5 3 %^[d57/1+U5 %e8
ﬀ"ﬂ?>%k>ﬃ

5(% IHG57;0^;m57>7?ﬀ /1-$%7K
<  =< -" ﬁ #5	 ,  	#()( ,5*0# &',5Hﬁ #5	 (  &'  ',5#('	 	 @p#5*0	ﬂﬁ
#5!ﬀ 	6/ ,5ﬀ*+!ﬀ,5ﬀ-eﬁ0/1	'*F243	,5,6/
Q8ﬃ%#+5UT789?#+8ﬀﬀ" [\87/1+,v//DﬂoGﬀ"%;%#? +:/1;9%ﬀ6_5 ﬀ /189? %'
%#/2ﬀ [\87? 979616O5zT( 6_5%>ﬃ8Vv
;)ﬀ":/!:% U576=8ﬃ /=;%<ﬀ":6!ﬀ 89;%57>9?ﬀﬃ/=->% w

$( ﬀ?`5 ﬀﬃ/ TV57?ﬁﬀ6!;IHG57;0l;%57>9?ﬀﬃ/=-$%;%
+ 896?#8 /VK.$#ﬂ/Eﬂ+ﬀ/16=6!%#+1ﬀ"0G5( 615)T>%+:/ﬀ"% jX>95(%IH*6_5ﬁG>(%QsRK BRK 3P?89?ﬀ+ﬀI5<ﬀ"-$% nC%ﬀ?
0G5(1ﬀﬃ/!ﬂﬂ+&6ﬀ 89?ﬀ+ 9796=6!+0ﬀ 8ﬃ%RTﬃ)5
ﬀ+ 8ﬃ 
GP0G5(t6!+ :/1+ﬀﬃ5(%R3m570#0#5(ﬀ?G57?ﬁﬀ5 %R3)8ﬃ%IH+
/1?ﬁﬀ" ?ﬂ+.%?57618ﬃ:/1;<ﬀ)w

$(
D
ﬀQ-$%?#87;
%R3k5(%ﬀﬂ+ 0E1ﬀ"% 
Gﬂ?ﬁﬀP6_5 0;/1<ﬂ>9/187?
+*IHG5V;
ﬂ+Oj: / Tﬃ
D
5 %R3e57?#>76!+5UTV57?ﬁﬀUK
LN6+ﬂn 5UT7<7#89?%?+ + 57/!787?JT989/ %#?l8ﬃ% 0#6%#+ /%:+ﬂ6!ﬂ;)ﬂ?$ﬀ + 
#6=/1?G5V>ﬃ +%#0ﬀ0#6! v
;)ﬂ?ﬁﬀI57/+ -$%#/
5(% 87?$ﬀO0M8(%0 "96!4 n ;0 IH+.6!ﬀ 89?#+ 979616* n 5 ﬀﬀ/=?6!ﬂ+.IHG5V;
ﬂ+
j::/=Tﬃ
D
6!)0#6=89;
+ﬂTﬃﬂ6_57?ﬁﬀ 6!);%5 ﬀ /15(%6!O;%/%R35(G570ﬀ0M8ﬃ% ﬀﬀ"8ﬀ

IH7K
, 5(:;%/M6!+##/=T( +  3 ;0#6!ﬂ+&87?ﬁG>ﬃ% 5 ﬀﬃ/=89?#+#ﬀ+1ﬀ"ﬂ+
D
89? ﬀ 8ﬃ%RTﬃﬂ6!%#/M-$%)6ZnA89?]0E%ﬀT789/!
+%Q6_5ﬂﬁG>ﬃ% sRK ﬀKM$#
#6=/1?#57>ﬃX5
#+:8ﬃ 
E -)5(ﬂ;)ﬂ?ﬁﬀ6_5 0#6!%#0#5(ﬀ.+06!ﬀ 89?#+ 9796=6! ;%57/1+
ﬀI5V/1?#+*4ﬂ+. ?#/:+Q0G5 :Tu/!ﬂ?#??ﬁﬀOj+ﬂnCIHG570#0EﬂK w0X0#6%#+
D
6+ﬂ#/1;?#+:/189?ﬀ+ 	
ﬀ61/1?G57>ﬃ
+ 89?ﬁﬀ 6187/1?  n ﬀX?>761/1>(U5
#6+ﬂK
.
B
 D 89/=+ /1<ﬂ;)O0G5(ﬀ /!   ?k?ﬀ8ﬃ%ﬀTﬃ5(% U576=8ﬃ /=;%<ﬀ"06!ﬀ 89;%57>9?ﬀﬃ/=->%89;0#6ﬀI5V?$ﬀ6ﬀﬀ"%
$&,'&)(
ﬀﬂ#/!j 6Zn J3R0E:/!?Xw

$(
 sRK
{


%ﬂ+G57?#+

(RL   615m+ /=;9%#615 ﬀﬃ/=89? % 
%#/2ﬀ [\89? 979616.ﬂoGﬀ%   6_5
>ﬃ87;)ﬀ" /#%:57618( /1;<ﬀ'6ﬀ 89;%57>9?ﬀﬃ/=-$% w

$(
D
G57?ﬀ+ %#? 0ﬂ;%/ ﬀ;0#+	ﬂ?+ﬃ5 ﬀﬃ/ TV57?ﬁﬀ
6!ﬂIHG57;0];%57>9?ﬀﬃ/1-$% bEj >95(%IHUg
D
P-$%#/ 0E:;)ﬀ& Tu/1+%#5761/=+6!ﬂ+#ﬀ" 5
W
ﬀﬃ89/ﬂ+#ﬂ+&6ﬀ 89?ﬀ+
9796=6! b=ﬀ" 5(ﬂ+:8ﬃ%#>ﬃﬂ+Ig?l6Zn 5
#+?);IHG5V;%0c;m5V>9?ﬀ /1-$%
D
0%#/=+4ﬂ?`5(ﬀﬃ/ T75V?$ﬀ6;IHG57;0qbdj
 87/ﬀ"Ug
D
O-$%#/ 0E ;ﬀ'ﬂ87?#+ﬀﬃ5 ﬀ"t6+'ﬂoGﬀﬃ+'ﬂ89?ﬁG?;?ﬁﬀ#.. ?ﬀ/! +%r6+66ﬀ 89?ﬀ+
9796=6!ﬂK), 8ﬃ%/1?ﬀ[\8( ;%5 ﬀﬃ/=89?
D
6!ﬂ+*ﬀﬃ5(+ 
#6%ﬂ+ﬂﬂ8ﬃ+:0M89??ﬁﬀOj;+ 0#H#8(ﬀ 89?#+K
&O0:<+5UT989/+ﬀ+ﬀ)?#89;ﬃ
%#+ﬂ+ ﬀ #/ Tﬃ +ﬂ+*89?ﬁ#>ﬃ%ﬃ5<ﬀﬃ/187?#+
D
?#8ﬃ%#+5UT789?#+ %#+ +:/'j987? v
T989/ %#? 
#6=/1?#57>ﬃ7ﬂ?F0#6189;ﬃ
 #89?ﬁﬀ 6_5e[\8ﬃ ; ﬀ 6!+ #/1;?#+:/189?ﬀ+ 0G ;ﬀﬀ"?ﬁﬀ;%#? ﬂ89?ﬁG?;?ﬁﬀ
%-U5 8X6Zn ?#+;
#6+*ﬂ6!ﬀ":89?#+ 9796=6!
D
0:8(ﬀ"ﬂ>ﬃU5V?$ﬀQ57/=?#+ / 6!+*IHG5V;
ﬂ+ j / Tﬃ7K
, 5ﬂﬁG>ﬃ% sRK
|
;89?ﬁﬀ"615[\8ﬃ:;)4ﬃ
ﬀ61/1?G57>ﬃ4?Y0ﬀ6189;
`b ﬂ? 
#6!%S+%P6_5 ﬁG>ﬃ%zg K LN6D+1ﬀ
0#6_5 
W
%#+ﬀ0:/1<Q6.57618( /1;<ﬀ&ﬂ6!ﬀ":89;%57>9?ﬀﬃ/1-$% w

$(MKRLN6M+.ﬂ89;%0289+Q0:/1?ﬂ/10G5V6!;?ﬁﬀ
 n %#?%>(ﬃ57?;ﬂ6!;?ﬁﬀ6ﬂ89?#/1-$%*ﬀ+ 0ﬀ6!%#+:/!% +	ﬀ"%
Gﬂ+' 0 896=89?#>ﬃﬂ;)ﬂ?$ﬀK9LN6ﬂ89;%028ﬃ1ﬀ" >9576!ﬂ;)ﬂ?$ﬀ
%#? ﬀ"%)
E 
{
;;  n 0G57/=+ +% ﬀ c0ﬂ+ -$%`s* ;  ﬃ5 987?
D
0#6_5(
W
%#+ﬀ :/1<h6!ﬂ+
:/1+ﬀﬃ5(%R3MKM$# ﬀ"%
G4ﬀ"ﬃ5 %#/ﬀ +:/1;0#6!ﬂ;)ﬂ?$ﬀ 6En /X0M8(%Q6ﬀ/1+ 0289+:/ﬀﬃ/ [	 3ﬀ0E:/1;?ﬁﬀI5V6D 0#615(.ﬂ+
[=%#/=616+6O0ﬀ6189;
Sb
{
[=%#/=616!ﬂ+6ﬃQ;%;  n 0G5V/1+ +%+IHG5(%#?zg+ﬀ 8ﬃ%ﬀr5(%ﬀ 8ﬃ%'P6_50G5(1ﬀﬃ/O5( /=<
%757618( /1;<ﬀ w

$(
DzW
%#+ -$% n j 6EnCﬂ6!;?ﬁﬀ'87?#/1-$%ﬂ% 
ﬀ61/1?G57>ﬃ*?%0#6187;

D
 ;m5V?#/1< j[d5V/!
6_5O6=/_57/=+ 89??ﬁﬀ"6!&57618ﬃ:/1;<ﬀ#ﬀ 6!
ﬀ61/1?G57>ﬃ
D
[d57/=+ﬃ57?ﬁﬀ 
#5( 57>ﬃ5(%R39ﬂT(?ﬁﬀ"%ﬂ61+'6ﬀ 89?ﬀ+ 979616
+%ﬂ0ﬀﬃ/ 
#6!ﬂ+ﬂX+ﬂnCIHG570#0EQj:ﬀ"ﬃ5UT( +ﬂﬀﬂ+ 0#5(VK
.

$rHG570ﬀ/ﬀ"sRKY(u/1;9%#615 ﬀﬃ/=89?]5UT(

 &   % U5V618ﬃ:/1;<ﬀ"0ﬂ6!ﬀ":89;m5V>9?ﬀ /1-$%w

$(
 sRK B 

%@#57?#+

(RL  p615l+ /=;9%#615 ﬀﬃ/=89? % 
%#/2ﬀ S[\87? 9796=6!ﬂoGﬀ"% 

6_5Y>ﬃﬂ89;ﬀ":/!
% U5V618ﬃ:/1;<ﬀ" 6ﬀ" 87;m57>7?ﬀ /1-$%^w

$(
D
+ﬃ57?ﬀ+m5(%%#? 6!ﬂ;)ﬂ?ﬁﬀ; 
ﬀ61/1?G57>ﬃ
+1ﬀﬃ/=?)5(%R376ﬀ" 87?#+9796=6!
D
)-$%#/ 0E:;)ﬀ ﬂ89?#+1ﬀI5 ﬀ-$%ﬀﬃ57/1?#+#ﬂ+ :?#/! ++:89?ﬁﬀ
5
#+:8ﬃ 
E+ 0G5( 6!ﬂ+. /1+1ﬀI5(%u3 % U5V618ﬃ:/1;<ﬀ")w

$( ﬀO->%ﬃ
EU5(%ﬂ8ﬃ%#0? n 5 %ﬀ"+QT789?ﬁﬀP0E1ﬀ"% 
G
6_5 0;/1<ﬂ>9/187?
+ﬂIHG57;
+Qj::/=T(
D
5(%R3^57?#>96+5UTV57?ﬁﬀUK
  suK    3 ﬂ;%0#6))ﬂ89?ﬁG>ﬃ%ﬃ5 ﬀ /189?@ﬀ"ﬂ+ﬀm028ﬃ%X6!ﬂ
#6=/1?#57>ﬃ:?l0#6187;
 #89?ﬁﬀ 6EnC-U5(ﬂ/ﬀ"
+n +1ﬀ.ﬂT(6!/=?#+%-%+ 57?ﬁﬀ"VK
.C|
 D 89/=+ /1<ﬂ;)O0G5(ﬀ /!   ?k?ﬀ8ﬃ%ﬀTﬃ5(% U576=8ﬃ /=;%<ﬀ"06!ﬀ 89;%57>9?ﬀﬃ/=->%89;0#6ﬀI5V?$ﬀ6ﬀﬀ"%
$&,'&)(
ﬀﬂ#/!j 6Zn J3R0E:/!?Xw

$(
 .sRK
|


%  ﬂ8ﬃ%#0E G57?#+

(RL  % 
#6=/1?G5V>ﬃ#ﬂ?0ﬀ6189;
:ﬂ89? % jP6En 5V/!+ 6_5O+:/1;9%ﬀ6_5 ﬀ /189?
ﬀTu/1+ 57?ﬁﬀQj 0ﬀ/!>(6!ﬂ+*6!ﬀ 89?#+ 97 616!KRLN6-+ﬀ 0#615(
W
%ﬀ+ﬀ"8:/1<6!U5V618ﬃ:/1;<ﬀ"Pw

$(MK
 ﬀsuK 
.


%ﬂ+ ﬂ?m0E +:0Gﬀ /=TﬃﬂG57?ﬀ+

(RL  % 
ﬀ61/1?G57>ﬃ ﬂ?%0#6=89;
5UTﬃ.#/ o ﬂ?$ﬀ+890ﬀ /189?#+
)Tu/1+%#5761/=+ﬃ5 ﬀ /189? K 3P?#/1+1ﬀﬃ/1?ﬀ>ﬃ%)6!ﬂ++ /43T9896%#;+6!ﬂ89?#+1ﬀﬃ/ﬀ%G57?ﬁﬀUK
..
$rHG570ﬀ/ﬀ"sRKY(u/1;9%#615 ﬀﬃ/=89?]5UT(

 &   % U5V618ﬃ:/1;<ﬀ"0ﬂ6!ﬀ":89;m5V>9?ﬀ /1-$%w

$(
 sRK ﬀ 

%@#57?#+

(RL  p615l+ /=;9%#615 ﬀﬃ/=89? % 
%#/2ﬀ S[\87? 9796=6!ﬂoGﬀ"% 

6_5`>ﬃﬂ89;ﬀ":/!@% U5V618ﬃ:/1;<ﬀ" 6ﬀ" 87;m57>7?ﬀ /1-$%hw

$(
D
5zT(c6!'
#6=/1?G5V>ﬃ ?a0#6187;
f-$%
?#8ﬃ%#+X5UT987?#+%#+:+ /j89?ﬂT789/!Xj^6Zn 57/!  6_5+ /=;9%#6_5<ﬀﬃ/187?
D
5V0 <ﬂ+5UT789/!ﬀ"ﬂ+ﬀ) ?#87;
%#+ﬂ+
89?ﬁG>ﬃ% 5 ﬀﬃ/=89?#+K
, 5 ﬁG>ﬃ%sRK
.
;89?ﬁﬀ"8+T>%+.?e0G + 0Eﬀﬃ/ Tﬃ % 
#6=/1?#57>ﬃ?k0#6187;
^+%6!ﬂ+ -$%ﬂ616!ﬂ+89?
0G%ﬀ#/=+ﬀ /1?#>ﬃ%O6+P+:/ 3kT9896%#;+P-$%#/ 6 ﬂ89?#+ﬀ /ﬀ%?ﬁﬀUK , ﬂ+6ﬀ 89?ﬀ+ 9796=6!O5 C57?ﬁﬀﬀ" 5UTﬃ:+ 6!
U576=8ﬃ /=;%<ﬀ"Qw

$(0G5(6.ﬀ 8ﬃ%^5(%
?ﬁﬀ":?#/!?P0G5 :Tu/!ﬂ?#??ﬁﬀ0G5V+j +n IHG5V0#0G*%
0#/1<ﬂ>ﬃﬂ0ﬂ+ﬂ?$ﬀ 0G5 6! 
#6=/1?G5V>ﬃ?e0#6=89;
 K
 ?ﬁG?
D
6_5 ﬁG>ﬃ%esRK  ﬀY/1616%#+ﬀ%6_5S+:/1;9%#615 ﬀﬃ/=89? % 
%#/2ﬀ:][\89? 97 616! Jo ﬀ"%e5UTﬃe6_5
>ﬃ87;)ﬀ" /% U576=8ﬃ /=;%<ﬀ"Pw

$( ﬀ.6=6!% 
#61/=?G57>(?e0#6187;
0#6_5 
W
%#+1ﬀ"8 /=<7K
, n %-5(/2ﬀ" ? 
#6=/1?#57>ﬃ
87? %fjc6Zn 57/!
k615c+:/1;9%ﬀ6_5 ﬀ /189?F5 C5V?$ﬀ7ﬀ?ﬂ;%87?$ﬀ
D
6!ﬂ+
#/1;?ﬀ+ /187?#+;ﬂ6!%#/4v ﬂ/ 89?ﬁﬀ4ﬀ":ﬀﬃ57?#+:;%/=+ﬂ+5(%R3h/=?#>ﬃ?ﬀ/!% +8ﬀﬀIH#?#//?#+4 (ﬂoG:+ 89? , 5 

-$%#/'89?ﬁﬀ*?ﬁﬀ"0:/1+ +ﬃ5:87?#+ﬀ%ﬀﬃ/187? K
<     	ﬁ$##5*$Hﬁ$#5 (' ,5 ('#5* ﬁ$	'-L -L#  ',5]-"	,5 /1# "ﬁ0/1  	&/ ,    !
/1#5ﬀ'-L  	
Q8ﬃ%#+ 5zT789?#+ 5(%ﬀ+ + /+ﬂoGﬀ"%
ﬂ+ + /=;9%#6_5<ﬀﬃ/187?#+X5 ﬁG? 7ﬀ ;/1? 615 #/=+ﬀI5V?]870ﬀﬃ/=;m576j
5(#8903ﬀ"
ﬂ?ﬁﬀ"h615 / 
ﬀ6! ﬀ^6! 57618ﬃ:/1;<ﬀ ﬂ6!ﬀ":89;%57>9?ﬀﬃ/1-$%Yw

$(2KQw.%R3  /ﬀ <+/1?ﬁﬀ,v
Tu/!?ﬀ??ﬁﬀﬂG57?#+615;ﬀ" ;/1?G5<ﬀﬃ/187? 8ﬀﬀ"8#/=+ﬀﬃ57?8903ﬀﬃ/1;%576ﬃ 
.
ﬀ
 D 89/=+ /1<ﬂ;)O0G5(ﬀ /!   ?k?ﬀ8ﬃ%ﬀTﬃ5(% U576=8ﬃ /=;%<ﬀ"06!ﬀ 89;%57>9?ﬀﬃ/=->%89;0#6ﬀI5V?$ﬀ6ﬀﬀ"%
$&,'&)(
ﬀﬂ#/!j 6Zn J3R0E:/!?Xw

$(
f615h;/1?ﬀ/1;/1+ﬃ5<ﬀﬃ/187? e6_5Y-$%G5V?$ﬀ /ﬀ  
%#/ﬀ;^[\87? 8796169 %k0G5 6+;:/1+1ﬀI5(%R3 %
57618ﬃ:/1;<ﬀ)w

$(
D
f6En 8
3ﬀ"?ﬁﬀ /189?@ n %#? +0G5( 5 ﬀﬃ/=89?@%-5(;ﬂ+4%R3h0ﬀH#8(ﬀﬃ87?#+)/1+:+%#+ 6157 89/=+ + 57?;ﬂ+
pi0
ﬀﬀ+)0G5 Q657618ﬃ:/1;<ﬀw

$(kTu/_5%615ﬂ89?#+ﬀ%ﬀﬃ/=89? ﬂ+0%R3Y>( 
E+.6ﬀ 8Vv
;%57>9?ﬀﬃ/=->%+/1?%#/ﬀ+K
LN6ﬂﬂ+ﬀm/1;0M8ﬃ1ﬀI57?ﬁﬀ; nA8
ﬀ?#/)%ﬀ?S+0G5( 5 ﬀﬃ/=89? %-U5( ﬂ+7%R3i0#H#8(ﬀ 89?#+m/=+ +%#+7e6_5  v
:89/1+:+ﬃ57?+
pi0
K  ? ﬂoGﬀ
D
+ﬂ:?#/! +ﬂﬀﬃ57?ﬁﬀO615+:8ﬃ%;%5
W
%4 
%#/2ﬀﬂX[\87?k028ﬃ% 6_5
ﬀﬀﬃ/187? +)0ﬀH#8(ﬀﬃ87?#+0G5V?#+)6!4U576=8ﬃ /=;%<ﬀ" w

$(
D
/=6Bﬂ+ﬀﬂ+ +?ﬁﬀﬃ/6	 6!+Q/!ﬂ?ﬁﬀﬃ/ ﬁ
D
5 ﬁG?@
6!ﬂ+ #/1+ /=;%/=?++ 0#H#8 ﬀﬃ89?#+/=+ +%ﬀ+ﬂX61595(ﬀ /189?
ep→ epγ -$%X6ZnA89?+ 8(%#HG57/2ﬀ"8ﬀ%#/!K
&!ﬁG?
00289?)5(%m0ﬂ;%/'ﬂ+ %u3
:/ﬀ <ﬂ+
D
?#8ﬃ%#+5zT789?#+576=8ﬃ +'ﬂoGﬀ"%%ﬀ?ﬀ%
D
j 6Zn 57/!.

(uL 
D
89;0G5( 57?ﬁﬀ6_5 -$%G5V?$ﬀ /ﬀ4 nCﬂ6!ﬀ":89?#+ 9796=6!# %0G5(6U576=8ﬃ /=;%<ﬀ".6Jv
ﬀ":89;m5V>9?ﬀ /1-$%)w

$(?^[\89?ﬀ /189?6159#/1+1ﬀI57?/1;0M89+ﬂ?$ﬀ8ﬂ6!%#/4v ﬂ/ ﬀ 6_59ﬂ/ 
#67K
,
8ﬃ% ﬀﬀ" ﬀ"%
D
{ #/1+1ﬀI57?+ ﬂ/ 
#6Jv/U576=8ﬃ /=;%<ﬀ"S89?ﬁﬀ ﬀ 87?#+ /+  
d1
 B9B ﬂ;
D
d2
 B . ;
D
d3
 Cs9;
D
ﬀ
d4
 CB9;eK
,6ﬂ/1+ 87?#+ ->% n /=6#+n 57>9/2ﬀ  6_5ﬀ/1+ﬀﬃ57?QjP/=;%0289+	ﬂ?$ﬀ6! ?ﬁﬀ"*6_5/ 
#6!#ﬀ 6_5O[d5 5UTV57?ﬁﬀ
+* /1+1ﬀI5(%u3% U576=8ﬃ /=;%<ﬀ"Ow

$(MK
Q8ﬃ%#+X5UT987?#+8ﬂoGﬀ%%#? + /=;9%#615 ﬀﬃ/=89? %'
%#/ﬀ8 [\87? 879616O028ﬃ%IH#5(%#?)ﬂ+
{
ﬀ/1+,v
ﬀI57?+ ﬂ/ 
#6Jv 57618( /1;<ﬀ 87?#+ /+ﬂK ,5+:/1;9%ﬀ6_5 ﬀ /189?O5*ﬂ89?#+:/1+ﬀ j>ﬃ?D+-6ﬀ" 87?#+ 979616
0Gﬂ?G57?ﬁﬀ'%#?*%
τ
  s*)?#+
D
? ﬁﬀ3ﬀ57?ﬁﬀt615)6!%#;/1?#87+ /ﬀj
2×1034 ; −2 + −1 D ﬀ'ﬂ?m5(ﬀﬃ/ T75V?$ﬀ
6!ﬂ+:ﬂoGﬀﬃ+% IHG57;0i;%57>9?ﬀﬃ/=-$%
% + 896?#8A7K &$ﬁG?  n 8
ﬀ"ﬂ?#/!:%#?k+1ﬀI5 ﬀ /1+ﬀ /1-$%+%-+ﬃ57?ﬁﬀ"
D
6ZnA890Eﬃ5<ﬀﬃ/187?5:ﬀ"8Jo ﬀ"%  *** [\89/=+K
Q8ﬃ%#+ 5zT789?#+ 576=8ﬃ + 57?G576u+m6+ﬃﬁIH#/! +9#/ﬀ"ﬂ;)ﬂ?ﬁﬀ jY6_5e+ 8ﬃ1ﬀﬃ/!)

(RL 
D
ﬀ:#87?+ﬃ57?ﬀ+
6Zn %ﬀﬃ/=61/=+ﬃ5 ﬀ /189? %*0 89>(ﬃ57;;);)89?#+1ﬀ"%ﬀ /189?
D
?`?ﬀ8ﬃ%#+ /=?$ﬀ+ + 57?ﬁﬀ 0#6%#+ 0G5 ﬀﬃ/%#6=/1<;?ﬁﬀ
5(%R3 #/1+1ﬀ" / 
%ﬀ /189?#+r&Pw)$ +
{
s
{
:/1+1ﬀI5(%R3MK
, ﬂ+?+%#6ﬀﬃ5 ﬀﬃ+kj 615*+ 8ﬃ1ﬀﬃ/! 

(uL 
D
0M8(%?IH#5(%#? ﬂ+
{
#/1+1ﬀI57?+ / 
#6! v U5V618ﬃ:/1;<ﬀ"
89?ﬀ+ /!+
D
+ 89?ﬁﬀ/=?ﬁﬀ">(++%]6+  *** 890E 5 ﬀﬃ/=89?#+K&O/=?#+ /
D
ﬂ?f/1?ﬁﬀ"ﬂ>ﬃﬃ5V?$ﬀm6!ﬂ+]/1?ﬀ[\8( ;%5 ﬀﬃ/=89?#+
&Pw)$ +%6+
{
s
{
 /1+1ﬀI5(%u3
D
?ﬀ8ﬃ%#+ 5UT989?#+ 8
ﬀ?$%  
f6O?#89;ﬃ
0ﬀ 8(ﬀI5V6E8ﬃ%ﬀ0#+8
#+:T(+ G5V?#+6!.U576=8ﬃ /=;%<ﬀ"Q5 % 8ﬃ% +&ﬂ+ ***X890Eﬃ5<ﬀﬃ/187?#+
D
+:89/ﬀ0E?#57?ﬁﬀ.%ﬀ?%
T = 1000× 120 ?#+   s **** ?#+ D
f6EnCﬂ?:>9/!&ﬀ 8(ﬀI576Xb ﬂ? ?

g	0289+.ﬂ?%;8 ﬃﬂ?#?Q5(%)ﬂ8ﬃ%:+' nC%#?890E 5 ﬀﬃ/=89?
D
+:89/ﬀ 0E?#57?ﬁﬀ
%#?%
τ
 zs* ?#+K
, ﬂ+ ﬁG>(%ﬂ+ sRK s* bE5Cg ﬀb 
 g'/16=6!%#+1ﬀ"?ﬁﬀ6!ﬂ+B+%ﬀ6ﬀI5<ﬀﬃ+D+
+ /1; %#6_5 ﬀ /189?ﬀ+-%ﬃ
%#/ﬀD[\89? 979616
ﬂoGﬀ"%+ 0M8ﬃ% 6+ #/=+ﬀﬃ57?ﬂ+*/ 
ﬀ6!Jv/U576=8ﬃ /=;%<ﬀ"
d1
 B9B9; ﬀ
d4
 CB9;eK
 6=6!ﬂ+r;89?ﬁﬀ"ﬂ?ﬁﬀ
D
028ﬃ%+IHG5(%#?+&%R3
ﬀ/1+ﬀﬃ57?+
D
6!+ #/1+1ﬀ":/ 
%ﬀ /189?ﬀ+r&PwP$ ﬂ8ﬃ+:0M89?uv
G57?ﬁﬀ5(%R3 :/1+ﬀﬃ5(%R3 5V0#0G5(1ﬀ"?#57?ﬁﬀ5(%R3 ﬀ 89/=+:8ﬃ%IH+6!ﬂ+ 0#6!%#+ 0 8>IH+;6En 5 3 
%F[d57/=+5(% K
3P?@#/1+1ﬀﬃ/1?ﬀ>ﬃ%9ﬂ>C576!ﬂ;)ﬂ?ﬁﬀ5(%@ﬂ?ﬁﬀ";:IH#57-$% ﬁ#>ﬃ% 6157#/=+ﬀ":/ 
%3ﬀﬃ/187? ﬂ0ﬂ+?ﬁﬀﬃ57?ﬁﬀ6EnCﬂ?:>9/!
ﬀﬃ8(ﬀﬃ576!b=? ?

g'ﬂ0M87+.G57?#+t6!ﬂU576=8ﬃ /=;%<ﬀ"
D
8
ﬀ?$%.? Jo ﬀ"%#57?ﬁﬀ6_5+ 89;;.ﬂ+#ﬂ?:>9/!ﬂ+
0289++ﬂG57?ﬀ+ 6+
{
s
{
 /=+ﬀI5 %R3MK
ﬀ*
$rHG570ﬀ/ﬀ"sRKY(u/1;9%#615 ﬀﬃ/=89?]5UT(

 &   % U5V618ﬃ:/1;<ﬀ"0ﬂ6!ﬀ":89;m5V>9?ﬀ /1-$%w

$(
0 50 100 150 200 250 300
1
10
histo_id=4359
Nent = 103    
Mean  =  2.431
RMS   =   2.97
ADC
0 50 100 150 200 250 300
1
10
10
2 histo_id=4360
Nent = 166    
Mean  =  2.414
RMS   =  3.094
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=4361
Nent = 242    
Mean  =  2.608
RMS   =  3.303
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=4362
Nent = 327    
Mean  =  3.366
RMS   =  4.948
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=4363
Nent = 417    
Mean  =   3.68
RMS   =  4.615
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=4364
Nent = 432    
Mean  =  5.094
RMS   =  9.336
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=4365
Nent = 432    
Mean  =  6.257
RMS   =  10.98
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=4366
Nent = 352    
Mean  =  4.564
RMS   =  7.397
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=4367
Nent = 307    
Mean  =  5.258
RMS   =  13.88
ADC
0 50 100 150 200 250 300
1
10
10
2 histo_id=4368
Nent = 196    
Mean  =  4.198
RMS   =  5.521
ADC
0 50 100 150 200 250 300
1
10
10
2 histo_id=4369
Nent = 154    
Mean  =  4.291
RMS   =  9.056
ADC
0 50 100 150 200 250 300
1
10
10
2 histo_id=4103
Nent = 153    
Mean  =  4.622
RMS   =  22.49
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=4104
Nent = 277    
Mean  =  3.174
RMS   =  4.282
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=4105
Nent = 432    
Mean  =  4.406
RMS   =  7.876
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=4106
Nent = 577    
Mean  =  8.765
RMS   =  17.24
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=4107
Nent = 668    
Mean  =  13.59
RMS   =  27.54
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=4108
Nent = 711    
Mean  =  17.48
RMS   =  30.71
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=4109
Nent = 678    
Mean  =  15.79
RMS   =  27.24
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=4110
Nent = 593    
Mean  =  9.837
RMS   =  19.09
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=4111
Nent = 465    
Mean  =  5.676
RMS   =  8.801
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=4112
Nent = 335    
Mean  =   5.09
RMS   =   9.59
ADC
0 50 100 150 200 250 300
1
10
10
2 histo_id=4113
Nent = 217    
Mean  =  3.705
RMS   =  6.921
ADC
0 50 100 150 200 250 300
1
10
10
2 histo_id=3847
Nent = 233    
Mean  =  4.021
RMS   =  8.983
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=3848
Nent = 397    
Mean  =  4.725
RMS   =  9.234
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=3849
Nent = 645    
Mean  =  13.43
RMS   =  28.18
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=3850
Nent = 805    
Mean  =   26.2
RMS   =   40.7
ADC
0 50 100 150 200 250 300
1
10
histo_id=3851
Nent = 942    
Mean  =  38.12
RMS   =  49.96
ADC
0 50 100 150 200 250 300
1
10
10
2 histo_id=3852
Nent = 967    
Mean  =  43.78
RMS   =  56.86
ADC
0 50 100 150 200 250 300
1
10
10
2 histo_id=3853
Nent = 945    
Mean  =  38.71
RMS   =  50.96
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=3854
Nent = 827    
Mean  =  29.85
RMS   =  45.72
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=3855
Nent = 659    
Mean  =  14.47
RMS   =  27.77
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=3856
Nent = 458    
Mean  =  6.223
RMS   =  11.53
ADC
0 50 100 150 200 250 300
1
10
histo_id=3587
Nent = 31     
Mean  =  1.806
RMS   =    1.7
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=3591
Nent = 282    
Mean  =  3.606
RMS   =   4.48
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=3592
Nent = 559    
Mean  =  8.509
RMS   =  16.55
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=3593
Nent = 805    
Mean  =   26.9
RMS   =  39.93
ADC
0 50 100 150 200 250 300
1
10
histo_id=3594
Nent = 985    
Mean  =  46.48
RMS   =  52.08
ADC
0 50 100 150 200 250 300
1
10
histo_id=3598
Nent = 989    
Mean  =  47.18
RMS   =  50.47
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=3599
Nent = 816    
Mean  =  27.29
RMS   =  38.99
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=3600
Nent = 598    
Mean  =   10.1
RMS   =  18.66
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=3601
Nent = 377    
Mean  =  5.488
RMS   =  15.06
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=3335
Nent = 382    
Mean  =  4.894
RMS   =  10.71
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=3336
Nent = 677    
Mean  =  12.31
RMS   =  21.06
ADC
0 50 100 150 200 250 300
1
10
10
2 histo_id=3337
Nent = 941    
Mean  =  35.54
RMS   =  48.62
ADC
0 50 100 150 200 250 300
1
10
10
2 histo_id=3343
Nent = 950    
Mean  =  39.85
RMS   =  48.34
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=3344
Nent = 699    
Mean  =  16.56
RMS   =  28.31
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=3345
Nent = 433    
Mean  =  5.256
RMS   =  11.32
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=3079
Nent = 446    
Mean  =   4.64
RMS   =     10
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=3080
Nent = 683    
Mean  =   20.4
RMS   =  38.16
ADC
0 50 100 150 200 250 300
1
10
10
2 histo_id=3081
Nent = 980    
Mean  =  40.87
RMS   =  50.91
ADC
0 50 100 150 200 250 300
1
10
10
2 histo_id=3087
Nent = 964    
Mean  =  40.86
RMS   =  51.79
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=3088
Nent = 726    
Mean  =  19.82
RMS   =  35.31
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=3089
Nent = 459    
Mean  =  5.854
RMS   =  12.68
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=2823
Nent = 403    
Mean  =  4.296
RMS   =  6.996
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=2824
Nent = 670    
Mean  =  15.44
RMS   =  28.32
ADC
0 50 100 150 200 250 300
1
10
10
2 histo_id=2825
Nent = 947    
Mean  =  33.81
RMS   =  41.84
ADC
0 50 100 150 200 250 300
1
10
10
2 histo_id=2831
Nent = 931    
Mean  =  37.88
RMS   =  50.59
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=2832
Nent = 712    
Mean  =  14.91
RMS   =  28.13
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=2833
Nent = 431    
Mean  =  4.644
RMS   =  6.817
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=2567
Nent = 304    
Mean  =  3.453
RMS   =  5.191
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=2568
Nent = 580    
Mean  =  8.294
RMS   =  16.07
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=2569
Nent = 819    
Mean  =  24.62
RMS   =  36.99
ADC
0 50 100 150 200 250 300
1
10
histo_id=2570
Nent = 989    
Mean  =  45.04
RMS   =   51.7
ADC
0 50 100 150 200 250 300
1
10
histo_id=2574
Nent = 989    
Mean  =  47.34
RMS   =  56.46
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=2575
Nent = 830    
Mean  =  28.22
RMS   =  42.28
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=2576
Nent = 588    
Mean  =  8.963
RMS   =  18.11
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=2577
Nent = 365    
Mean  =  3.603
RMS   =  4.249
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=2311
Nent = 237    
Mean  =  2.495
RMS   =  2.951
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=2312
Nent = 420    
Mean  =  3.608
RMS   =  5.302
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=2313
Nent = 638    
Mean  =  11.68
RMS   =  22.31
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=2314
Nent = 833    
Mean  =  25.85
RMS   =  38.76
ADC
0 50 100 150 200 250 300
1
10
10
2 histo_id=2315
Nent = 945    
Mean  =  37.79
RMS   =  49.55
ADC
0 50 100 150 200 250 300
1
10
histo_id=2316
Nent = 964    
Mean  =  41.41
RMS   =  51.72
ADC
0 50 100 150 200 250 300
1
10
histo_id=2317
Nent = 956    
Mean  =     38
RMS   =  49.46
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=2318
Nent = 797    
Mean  =  24.59
RMS   =   39.5
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=2319
Nent = 642    
Mean  =  11.09
RMS   =  20.87
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=2320
Nent = 437    
Mean  =  4.388
RMS   =  6.385
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=2321
Nent = 244    
Mean  =  3.013
RMS   =  3.642
ADC
0 50 100 150 200 250 300
1
10
10
2 histo_id=2055
Nent = 161    
Mean  =  2.291
RMS   =  2.502
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=2056
Nent = 286    
Mean  =  2.697
RMS   =  3.377
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=2057
Nent = 436    
Mean  =  3.576
RMS   =  4.784
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=2058
Nent = 564    
Mean  =  7.528
RMS   =  13.23
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=2059
Nent = 668    
Mean  =  13.44
RMS   =  23.89
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=2060
Nent = 691    
Mean  =  16.59
RMS   =  31.34
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=2061
Nent = 669    
Mean  =  13.81
RMS   =  25.03
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=2062
Nent = 562    
Mean  =  7.694
RMS   =  14.45
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=2063
Nent = 422    
Mean  =  4.847
RMS   =  10.46
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=2064
Nent = 299    
Mean  =  3.187
RMS   =  4.418
ADC
0 50 100 150 200 250 300
1
10
10
2 histo_id=2065
Nent = 180    
Mean  =  2.867
RMS   =  4.383
ADC
0 50 100 150 200 250 300
1
10
10
2 histo_id=1799
Nent = 104    
Mean  =  2.308
RMS   =  2.476
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=1800
Nent = 172    
Mean  =  2.465
RMS   =  4.271
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=1801
Nent = 242    
Mean  =  3.392
RMS   =  8.024
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=1802
Nent = 336    
Mean  =  3.562
RMS   =  5.986
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=1803
Nent = 390    
Mean  =  4.683
RMS   =  9.991
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=1804
Nent = 422    
Mean  =  4.372
RMS   =  9.481
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=1805
Nent = 388    
Mean  =  4.342
RMS   =  8.885
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=1806
Nent = 326    
Mean  =  4.123
RMS   =  9.541
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=1807
Nent = 260    
Mean  =  2.874
RMS   =  3.913
ADC
0 50 100 150 200 250 300
1
10
10
2
histo_id=1808
Nent = 184    
Mean  =  2.113
RMS   =  2.042
ADC
0 50 100 150 200 250 300
1
10
histo_id=1809
Nent = 125    
Mean  =  2.387
RMS   =  2.615
ADC
0 1000 2000 3000 4000 5000 6000 7000 8000
0
1000
2000
3000
4000
5000
6000 Nent = 73482  
Mean  =  832.9
RMS   =  823.7
sumadc
ADC spectra - Moller background
histograms range : [0-300MeV]
Saclay solenoid magnetic field  (saclay5.tab)     
magnet z=-69cm, target z=-65cm, calorimeter z=-10cm
distance target-calorimeter = 55cm
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ADC spectra - Moller background
histograms range : [0-300MeV]
Saclay solenoid magnetic field  (saclay5.tab)     
magnet z=-79cm, target z=-75cm, calorimeter z=-10cm
distance target-calorimeter = 65cm
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 pour 0,09<-t<0,2 GeV
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 pour 0,2<-t<0,4 GeV
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 pour 0,4<-t<0,6 GeV
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 pour 1<-t<1,5 GeV
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  pour 0,09<-t<0,2 GeV0pi  des Taux de contamination par les   ΦDistributions en   
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 (deg)φ0 50 100 150 200 250 300 350
1
10
210
310
410
 (deg)φ0 50 100 150 200 250 300 350
1
10
210
310
410
 (deg)φ0 50 100 150 200 250 300 350
1
10
210
310
410
 (deg)φ0 50 100 150 200 250 300 350
1
10
210
310
410
 (deg)φ
0 50 100 150 200 250 300 3501
10
210
310
410
510
 (deg)φ
0 50 100 150 200 250 300 3501
10
210
310
410
510
 (deg)φ
0 50 100 150 200 250 300 3501
10
210
310
410
510
2
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 , en echelle logarithmique, pour 0,09<-t<0,2 GeVΦ ) en fonction de   4 (nb/GeV
Φ dt dB dx
 2dQ
γ ep →ep σ
 4d
)2
 
(G
eV
2
Q
1
1.5
2
2.5
3
3.5
4
4.5
Bx
0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55
 (deg)φ
0 50 100 150 200 250 300 350-410
-310
-210
-110
1
10
 (deg)φ0 50 100 150 200 250 300 350
-410
-310
-210
-110
1
10
 (deg)φ0 50 100 150 200 250 300 350
-410
-310
-210
-110
1
10
 (deg)φ0 50 100 150 200 250 300 350
-410
-310
-210
-110
1
10
 (deg)φ0 50 100 150 200 250 300 350
-410
-310
-210
-110
1
10
 (deg)φ0 50 100 150 200 250 300 350
-410
-310
-210
-110
1
10
 (deg)φ
0 50 100 150 200 250 300 350-410
-310
-210
-110
1
10
 (deg)φ
0 50 100 150 200 250 300 350-410
-310
-210
-110
1
10
 (deg)φ
0 50 100 150 200 250 300 350-410
-310
-210
-110
1
10
 (deg)φ
0 50 100 150 200 250 300 350-410
-310
-210
-110
1
10
 (deg)φ0 50 100 150 200 250 300 350
-410
-310
-210
-110
1
10
 (deg)φ0 50 100 150 200 250 300 350
-410
-310
-210
-110
1
10
 (deg)φ0 50 100 150 200 250 300 350
-410
-310
-210
-110
1
10
 (deg)φ0 50 100 150 200 250 300 350
-410
-310
-210
-110
1
10
 (deg)φ
0 50 100 150 200 250 300 350-410
-310
-210
-110
1
10
 (deg)φ
0 50 100 150 200 250 300 350-410
-310
-210
-110
1
10
 (deg)φ
0 50 100 150 200 250 300 350-410
-310
-210
-110
1
10
2
 , en echelle logarithmique, pour 0,2<-t<0,4 GeVΦ ) en fonction de   4 (nb/GeV
Φ dt dB dx
 2dQ
γ ep →ep σ
 4d
)2
 
(G
eV
2
Q
1
1.5
2
2.5
3
3.5
4
4.5
Bx
0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55
 (deg)φ
0 50 100 150 200 250 300 350
-410
-310
-210
-110
1
10
 (deg)φ
0 50 100 150 200 250 300 350
-410
-310
-210
-110
1
10
 (deg)φ
0 50 100 150 200 250 300 350-410
-310
-210
-110
1
10
 (deg)φ
0 50 100 150 200 250 300 350-410
-310
-210
-110
1
10
 (deg)φ0 50 100 150 200 250 300 350
-410
-310
-210
-110
1
10
 (deg)φ0 50 100 150 200 250 300 350
-410
-310
-210
-110
1
10
 (deg)φ0 50 100 150 200 250 300 350
-410
-310
-210
-110
1
10
 (deg)φ0 50 100 150 200 250 300 350
-410
-310
-210
-110
1
10
 (deg)φ0 50 100 150 200 250 300 350
-410
-310
-210
-110
1
10
 (deg)φ0 50 100 150 200 250 300 350
-410
-310
-210
-110
1
10
 (deg)φ
0 50 100 150 200 250 300 350-410
-310
-210
-110
1
10
 (deg)φ
0 50 100 150 200 250 300 350-410
-310
-210
-110
1
10
 (deg)φ
0 50 100 150 200 250 300 350-410
-310
-210
-110
1
10
 (deg)φ
0 50 100 150 200 250 300 350-410
-310
-210
-110
1
10
 (deg)φ0 50 100 150 200 250 300 350
-410
-310
-210
-110
1
10
 (deg)φ0 50 100 150 200 250 300 350
-410
-310
-210
-110
1
10
 (deg)φ0 50 100 150 200 250 300 350
-410
-310
-210
-110
1
10
 (deg)φ0 50 100 150 200 250 300 350
-410
-310
-210
-110
1
10
 (deg)φ
0 50 100 150 200 250 300 350-410
-310
-210
-110
1
10
 (deg)φ
0 50 100 150 200 250 300 350-410
-310
-210
-110
1
10
 (deg)φ
0 50 100 150 200 250 300 350-410
-310
-210
-110
1
10
2
 , en echelle logarithmique, pour 0,4<-t<0,6 GeVΦ ) en fonction de   4 (nb/GeV
Φ dt dB dx
 2dQ
γ ep →ep σ
 4d
)2
 
(G
eV
2
Q
1
1.5
2
2.5
3
3.5
4
4.5
Bx
0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55
 (deg)φ
0 50 100 150 200 250 300 350
-410
-310
-210
-110
1
10
 (deg)φ
0 50 100 150 200 250 300 350
-410
-310
-210
-110
1
10
 (deg)φ
0 50 100 150 200 250 300 350-410
-310
-210
-110
1
10
 (deg)φ
0 50 100 150 200 250 300 350-410
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(G
eV
2
Q
1
1.5
2
2.5
3
3.5
4
4.5
Bx
0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55
 (deg)φ
0 50 100 150 200 250 300 3500
0.02
0.04
0.06
0.08
0.1
 (deg)φ
0 50 100 150 200 250 300 3500
0.001
0.002
0.003
0.004
0.005
0.006
0.007
0.008
0.009
 (deg)φ
0 50 100 150 200 250 300 3500
0.005
0.01
0.015
0.02
0.025
 (deg)φ
0 50 100 150 200 250 300 3500
0.001
0.002
0.003
0.004
0.005
0.006
0.007
0.008
0.009
 (deg)φ0 50 100 150 200 250 300 3500
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
 (deg)φ0 50 100 150 200 250 300 3500
0.005
0.01
0.015
0.02
0.025
0.03
 (deg)φ0 50 100 150 200 250 300 3500
0.001
0.002
0.003
0.004
0.005
0.006
0.007
0.008
0.009
 (deg)φ0 50 100 150 200 250 300 3500
0.05
0.1
0.15
0.2
0.25
0.3
 (deg)φ0 50 100 150 200 250 300 3500
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
 (deg)φ0 50 100 150 200 250 300 3500
0.005
0.01
0.015
0.02
0.025
 (deg)φ
0 50 100 150 200 250 300 3500
0.1
0.2
0.3
0.4
0.5
0.6
 (deg)φ
0 50 100 150 200 250 300 3500
0.1
0.2
0.3
0.4
0.5
 (deg)φ
0 50 100 150 200 250 300 3500
0.02
0.04
0.06
0.08
0.1
 (deg)φ
0 50 100 150 200 250 300 3500
0.005
0.01
0.015
0.02
0.025
0.03
0.035
0.04
 (deg)φ0 50 100 150 200 250 300 3500
0.1
0.2
0.3
0.4
0.5
0.6
0.7
 (deg)φ0 50 100 150 200 250 300 3500
0.2
0.4
0.6
0.8
1
1.2
 (deg)φ0 50 100 150 200 250 300 3500
0.1
0.2
0.3
0.4
0.5
 (deg)φ0 50 100 150 200 250 300 3500
0.05
0.1
0.15
0.2
0.25
 (deg)φ
0 50 100 150 200 250 300 3500
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
 (deg)φ
0 50 100 150 200 250 300 3500
0.1
0.2
0.3
0.4
0.5
0.6
0.7
 (deg)φ
0 50 100 150 200 250 300 3500
0.2
0.4
0.6
0.8
1
2
 , pour 0,4<-t<0,6 GeVΦ ) en fonction de   4 (nb/GeV
Φ dt dB dx
 2dQ
γ ep →ep σ
 4d
)2
 
(G
eV
2
Q
1
1.5
2
2.5
3
3.5
4
4.5
Bx
0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55
 (deg)φ
0 50 100 150 200 250 300 3500
0.02
0.04
0.06
0.08
0.1
 (deg)φ
0 50 100 150 200 250 300 3500
0.001
0.002
0.003
0.004
0.005
0.006
 (deg)φ
0 50 100 150 200 250 300 3500
0.005
0.01
0.015
0.02
0.025
 (deg)φ
0 50 100 150 200 250 300 3500
0.001
0.002
0.003
0.004
0.005
0.006
0.007
0.008
 (deg)φ0 50 100 150 200 250 300 3500
0.005
0.01
0.015
0.02
0.025
0.03
0.035
 (deg)φ0 50 100 150 200 250 300 3500
0.002
0.004
0.006
0.0080.01
0.012
0.014
0.0160.018
0.02
0.022
 (deg)φ0 50 100 150 200 250 300 3500
0.002
0.004
0.006
0.008
0.01
 (deg)φ0 50 100 150 200 250 300 3500
0.01
0.02
0.03
0.04
0.05
 (deg)φ0 50 100 150 200 250 300 3500
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
 (deg)φ0 50 100 150 200 250 300 3500
0.002
0.0040.006
0.0080.01
0.0120.014
0.0160.018
0.020.022
0.024
 (deg)φ0 50 100 150 200 250 300 3500
0.002
0.004
0.006
0.008
0.01
0.012
0.014
0.016
0.018
0.02
 (deg)φ
0 50 100 150 200 250 300 3500
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
 (deg)φ
0 50 100 150 200 250 300 3500
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
 (deg)φ
0 50 100 150 200 250 300 3500
0.02
0.04
0.06
0.08
0.1
 (deg)φ
0 50 100 150 200 250 300 3500
0.005
0.01
0.015
0.02
0.025
0.03
0.035
0.04
0.045
 (deg)φ0 50 100 150 200 250 300 3500
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.180.2
0.22
 (deg)φ0 50 100 150 200 250 300 3500
0.05
0.1
0.15
0.2
0.25
 (deg)φ0 50 100 150 200 250 300 3500
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.18
0.2
 (deg)φ0 50 100 150 200 250 300 3500
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
 (deg)φ
0 50 100 150 200 250 300 3500
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
 (deg)φ
0 50 100 150 200 250 300 3500
0.05
0.1
0.15
0.2
0.25
0.3
 (deg)φ
0 50 100 150 200 250 300 3500
0.05
0.1
0.15
0.2
0.25
0.3
0.35
2
 , pour 0,6<-t<1 GeVΦ ) en fonction de   4 (nb/GeV
Φ dt dB dx
 2dQ
γ ep →ep σ
 4d
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(G
eV
2
Q
1
1.5
2
2.5
3
3.5
4
4.5
Bx
0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55
 (deg)φ
0 50 100 150 200 250 300 3500
0.001
0.002
0.003
0.004
0.005
0.006
 (deg)φ
0 50 100 150 200 250 300 3500
0.002
0.004
0.006
0.008
0.01
0.012
0.014
0.016
0.018
 (deg)φ
0 50 100 150 200 250 300 3500
0.001
0.002
0.003
0.004
0.005
0.006
0.007
 (deg)φ0 50 100 150 200 250 300 3500
0.0020.004
0.0060.008
0.010.012
0.0140.016
0.018
0.020.022
0.024
 (deg)φ0 50 100 150 200 250 300 3500
0.002
0.004
0.006
0.008
0.01
0.012
0.014
0.016
0.018
 (deg)φ0 50 100 150 200 250 300 3500
0.002
0.004
0.006
0.008
0.01
0.012
 (deg)φ0 50 100 150 200 250 300 3500
0.01
0.02
0.03
 (deg)φ0 50 100 150 200 250 300 3500
0.005
0.01
0.015
0.02
0.025
 (deg)φ0 50 100 150 200 250 300 3500
0.002
0.0040.006
0.0080.01
0.012
0.0140.016
0.0180.02
0.022
 (deg)φ0 50 100 150 200 250 300 3500
0.02
0.04
0.06
0.08
0.1
0.12
 (deg)φ
0 50 100 150 200 250 300 3500
0.01
0.02
0.03
0.04
 (deg)φ
0 50 100 150 200 250 300 3500
0.01
0.02
0.03
 (deg)φ
0 50 100 150 200 250 300 3500
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
 (deg)φ
0 50 100 150 200 250 300 3500
0.01
0.02
0.03
0.04
0.05
0.06
0.07
 (deg)φ0 50 100 150 200 250 300 3500
0.01
0.02
0.03
0.04
0.05
0.06
 (deg)φ0 50 100 150 200 250 300 3500
0.01
0.02
0.03
0.04
0.05
0.06
 (deg)φ0 50 100 150 200 250 300 3500
0.01
0.02
0.03
0.04
0.05
0.06
0.07
 (deg)φ0 50 100 150 200 250 300 3500
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.18
0.2
 (deg)φ
0 50 100 150 200 250 300 3500
0.02
0.04
0.06
0.08
0.1
0.12
 (deg)φ
0 50 100 150 200 250 300 3500
0.02
0.04
0.06
0.08
0.1
 (deg)φ
0 50 100 150 200 250 300 3500
0.05
0.1
0.15
0.2
0.25
0.3
2
 , pour 1<-t<1,5 GeVΦ ) en fonction de   4 (nb/GeV
Φ dt dB dx
 2dQ
γ ep →ep σ
 4d
)2
 
(G
eV
2
Q
1
1.5
2
2.5
3
3.5
4
4.5
Bx
0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55
 (deg)φ
0 50 100 150 200 250 300 3500
0.001
0.002
0.003
 (deg)φ
0 50 100 150 200 250 300 3500
0.002
0.004
0.006
0.008
0.01
0.012
0.014
0.016
0.018
 (deg)φ
0 50 100 150 200 250 300 3500
0.001
0.002
0.003
0.004
0.005
 (deg)φ0 50 100 150 200 250 300 3500
0.002
0.004
0.006
0.008
0.01
 (deg)φ0 50 100 150 200 250 300 3500
0.001
0.002
0.003
0.004
0.005
0.006
0.007
0.008
0.009
 (deg)φ0 50 100 150 200 250 300 3500
0.001
0.002
0.003
0.004
0.005
 (deg)φ0 50 100 150 200 250 300 3500
0.01
 (deg)φ0 50 100 150 200 250 300 3500
0.001
0.002
0.003
0.004
0.005
0.006
0.007
0.008
0.009
 (deg)φ0 50 100 150 200 250 300 3500
0.002
0.004
0.006
0.008
0.01
0.012
0.014
0.016
0.018
0.02
 (deg)φ0 50 100 150 200 250 300 3500
0.002
0.004
0.006
0.008
0.01
 (deg)φ
0 50 100 150 200 250 300 3500
0.01
 (deg)φ
0 50 100 150 200 250 300 3500
0.01
 (deg)φ
0 50 100 150 200 250 300 3500
0.002
0.004
0.006
0.008
0.01
0.012
0.014
0.016
0.018
0.02
 (deg)φ
0 50 100 150 200 250 300 3500
0.005
0.01
0.015
0.02
0.025
0.03
 (deg)φ0 50 100 150 200 250 300 3500
0.01
 (deg)φ0 50 100 150 200 250 300 3500
0.01
 (deg)φ0 50 100 150 200 250 300 3500
0.01
0.02
 (deg)φ0 50 100 150 200 250 300 3500
0.005
0.01
0.015
0.02
0.025
0.03
0.035
0.04
 (deg)φ
0 50 100 150 200 250 300 3500
0.01
0.02
0.03
0.04
 (deg)φ
0 50 100 150 200 250 300 3500
0.01
0.02
0.03
 (deg)φ
0 50 100 150 200 250 300 3500
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
2
 , pour 1,5<-t<2 GeVΦ ) en fonction de   4 (nb/GeV
Φ dt dB dx
 2dQ
γ ep →ep σ
 4d
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 (deg)φ0 50 100 150 200 250 300 350
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0.1
0.15
0.2
0.25
 (deg)φ0 50 100 150 200 250 300 350
0
0.1
0.2
0.3
0.4
0.5
 (deg)φ0 50 100 150 200 250 300 350
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
 (deg)φ
0 50 100 150 200 250 300 3500
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
 (deg)φ
0 50 100 150 200 250 300 3500
0.1
0.2
0.3
0.4
0.5
 (deg)φ
0 50 100 150 200 250 300 3500
0.02
0.04
0.06
0.08
0.1
0.12
 (deg)φ0 50 100 150 200 250 300 350
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0.5
1
1.5
2
2.5
3
3.5
4
 (deg)φ0 50 100 150 200 250 300 350
0
0.2
0.4
0.6
0.8
1
1.2
1.4
 (deg)φ0 50 100 150 200 250 300 350
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
 (deg)φ0 50 100 150 200 250 300 350
0
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0.2
0.3
0.4
0.5
0.6
 (deg)φ
0 50 100 150 200 250 300 3500
1
2
3
4
5
6
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1
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2.5
3
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2
2.22.4
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 ) en separant les cas IC/EC pour 0,09<-t<0,2 GeV 4 (nb/GeV
Φ dt dB dx
 2dQ
γ ep→ep σ
 4d
  de  ΦDistributions en   
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0.05
 (deg)φ0 50 100 150 200 250 300 350
0
0.02
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0.14
 (deg)φ0 50 100 150 200 250 300 350
0
0.005
0.01
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0.02
0.025
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 (deg)φ0 50 100 150 200 250 300 350
0
0.2
0.4
0.6
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1
1.2
 (deg)φ0 50 100 150 200 250 300 350
0
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0.14
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0
0.005
0.01
0.015
0.02
0.025
0.03
0.035
0.04
0.045
 (deg)φ
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0.5
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 (deg)φ
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0 50 100 150 200 250 300 3500
0.5
1
1.5
2
2.5
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 ) en separant les cas IC/EC pour 0,2<-t<0,4 GeV 4 (nb/GeV
Φ dt dB dx
 2dQ
γ ep→ep σ
 4d
  de  ΦDistributions en   
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 (deg)φ
0 50 100 150 200 250 300 3500
0.02
0.04
0.06
0.08
0.1
0.12
 (deg)φ
0 50 100 150 200 250 300 3500
0.002
0.004
0.006
0.008
0.01
 (deg)φ
0 50 100 150 200 250 300 3500
0.005
0.01
0.015
0.02
0.025
 (deg)φ
0 50 100 150 200 250 300 3500
0.002
0.004
0.006
0.008
0.01
 (deg)φ0 50 100 150 200 250 300 350
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.18
 (deg)φ0 50 100 150 200 250 300 350
0
0.005
0.01
0.015
0.02
0.025
0.03
0.035
 (deg)φ0 50 100 150 200 250 300 350
0
0.002
0.004
0.006
0.008
0.01
 (deg)φ0 50 100 150 200 250 300 350
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.18
 (deg)φ0 50 100 150 200 250 300 350
0
0.02
0.04
0.06
0.08
0.1
 (deg)φ0 50 100 150 200 250 300 350
0
0.005
0.01
0.015
0.02
0.025
 (deg)φ
0 50 100 150 200 250 300 3500
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
 (deg)φ
0 50 100 150 200 250 300 3500
0.1
0.2
0.3
0.4
0.5
0.6
 (deg)φ
0 50 100 150 200 250 300 3500
0.02
0.04
0.06
0.08
0.1
 (deg)φ
0 50 100 150 200 250 300 3500
0.01
0.02
0.03
0.04
0.05
 (deg)φ0 50 100 150 200 250 300 350
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
 (deg)φ0 50 100 150 200 250 300 350
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
 (deg)φ0 50 100 150 200 250 300 350
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
 (deg)φ0 50 100 150 200 250 300 350
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
 (deg)φ
0 50 100 150 200 250 300 3500
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
 (deg)φ
0 50 100 150 200 250 300 3500
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0.2
0.3
0.4
0.5
0.6
 (deg)φ
0 50 100 150 200 250 300 3500
0.1
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0.5
    2
 ) en separant les cas IC/EC pour 0,4<-t<0,6 GeV 4 (nb/GeV
Φ dt dB dx
 2dQ
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0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55
 (deg)φ
0 50 100 150 200 250 300 3500
0.02
0.04
0.06
0.08
0.1
 (deg)φ
0 50 100 150 200 250 300 3500
0.001
0.002
0.003
0.004
0.005
0.006
0.007
 (deg)φ
0 50 100 150 200 250 300 3500
0.005
0.01
0.015
0.02
0.025
 (deg)φ
0 50 100 150 200 250 300 3500
0.001
0.002
0.003
0.004
0.005
0.006
0.007
0.008
0.009
 (deg)φ0 50 100 150 200 250 300 350
0
0.005
0.01
0.015
0.02
0.025
0.03
0.035
0.04
 (deg)φ0 50 100 150 200 250 300 350
0
0.0020.004
0.0060.008
0.010.012
0.0140.016
0.0180.02
0.0220.024
 (deg)φ0 50 100 150 200 250 300 350
0
0.002
0.004
0.006
0.008
0.01
 (deg)φ0 50 100 150 200 250 300 350
0
0.01
0.02
0.03
0.04
0.05
0.06
 (deg)φ0 50 100 150 200 250 300 350
0
0.02
0.04
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0.1
 (deg)φ0 50 100 150 200 250 300 350
0
0.005
0.01
0.015
0.02
0.025
 (deg)φ0 50 100 150 200 250 300 350
0
0.005
0.01
0.015
0.02
0.025
 (deg)φ
0 50 100 150 200 250 300 3500
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0.12
0.14
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0.18
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0.1
 (deg)φ
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0.25
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0.16
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 (deg)φ0 50 100 150 200 250 300 350
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0.12
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0.22
 (deg)φ0 50 100 150 200 250 300 350
0
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0.180.2
0.220.24
 (deg)φ
0 50 100 150 200 250 300 3500
0.05
0.1
0.15
0.2
0.25
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0.35
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0 50 100 150 200 250 300 3500
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0.25
0.3
0.35
 (deg)φ
0 50 100 150 200 250 300 3500
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0.2
0.25
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 ) en separant les cas IC/EC pour 0,6<-t<1 GeV 4 (nb/GeV
Φ dt dB dx
 2dQ
γ ep→ep σ
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(G
eV
2
Q
1
1.5
2
2.5
3
3.5
4
4.5
Bx
0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55
 (deg)φ
0 50 100 150 200 250 300 3500
0.001
0.002
0.003
0.004
0.005
0.006
0.007
 (deg)φ
0 50 100 150 200 250 300 3500
0.002
0.004
0.006
0.008
0.01
0.012
0.014
0.016
0.018
 (deg)φ
0 50 100 150 200 250 300 3500
0.001
0.002
0.003
0.004
0.005
0.006
0.007
0.008
 (deg)φ0 50 100 150 200 250 300 350
0
0.005
0.01
0.015
0.02
0.025
0.03
0.035
0.04
0.045
 (deg)φ0 50 100 150 200 250 300 350
0
0.002
0.004
0.006
0.008
0.01
0.012
0.014
0.016
0.0180.02
0.022
 (deg)φ0 50 100 150 200 250 300 350
0
0.002
0.004
0.006
0.008
0.01
0.012
0.014
 (deg)φ0 50 100 150 200 250 300 350
0
0.01
0.02
0.03
 (deg)φ0 50 100 150 200 250 300 350
0
0.005
0.01
0.015
0.02
0.025
0.03
 (deg)φ0 50 100 150 200 250 300 350
0
0.005
0.01
0.015
0.02
0.025
0.03
 (deg)φ0 50 100 150 200 250 300 350
0
0.005
0.01
0.015
0.02
0.025
0.03
0.035
0.04
 (deg)φ
0 50 100 150 200 250 300 3500
0.01
0.02
0.03
0.04
0.05
 (deg)φ
0 50 100 150 200 250 300 3500
0.01
0.02
0.03
0.04
 (deg)φ
0 50 100 150 200 250 300 3500
0.02
0.04
0.06
0.08
0.1
0.12
 (deg)φ
0 50 100 150 200 250 300 3500
0.02
0.04
0.06
0.08
0.1
 (deg)φ0 50 100 150 200 250 300 350
0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
 (deg)φ0 50 100 150 200 250 300 350
0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
 (deg)φ0 50 100 150 200 250 300 350
0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
 (deg)φ0 50 100 150 200 250 300 350
0
0.05
0.1
0.15
0.2
0.25
 (deg)φ
0 50 100 150 200 250 300 3500
0.02
0.04
0.06
0.08
0.1
0.12
 (deg)φ
0 50 100 150 200 250 300 3500
0.02
0.04
0.06
0.08
0.1
0.12
 (deg)φ
0 50 100 150 200 250 300 3500
0.05
0.1
0.15
0.2
0.25
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 ) en separant les cas IC/EC pour 1<-t<1,5 GeV 4 (nb/GeV
Φ dt dB dx
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0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55
 (deg)φ
0 50 100 150 200 250 300 3500
0.001
0.002
0.003
 (deg)φ
0 50 100 150 200 250 300 3500
0.002
0.004
0.006
0.008
0.01
0.012
0.014
0.016
0.018
 (deg)φ
0 50 100 150 200 250 300 3500
0.002
0.004
0.006
0.008
0.01
 (deg)φ0 50 100 150 200 250 300 350
0
0.002
0.004
0.006
0.008
0.01
 (deg)φ0 50 100 150 200 250 300 350
0
0.002
0.004
0.006
0.008
0.01
0.012
0.014
0.016
0.018
 (deg)φ0 50 100 150 200 250 300 350
0
0.001
0.002
0.003
0.004
0.005
0.006
0.007
0.008
0.009
 (deg)φ0 50 100 150 200 250 300 350
0
0.01
 (deg)φ0 50 100 150 200 250 300 350
0
0.002
0.004
0.006
0.008
0.01
0.012
 (deg)φ0 50 100 150 200 250 300 350
0
0.002
0.004
0.006
0.008
0.01
0.012
0.014
0.016
0.018
0.02
 (deg)φ0 50 100 150 200 250 300 350
0
0.001
0.002
0.003
0.004
0.005
0.006
0.007
 (deg)φ
0 50 100 150 200 250 300 3500
0.01
 (deg)φ
0 50 100 150 200 250 300 3500
0.01
 (deg)φ
0 50 100 150 200 250 300 3500
0.005
0.01
0.015
0.02
0.025
0.03
 (deg)φ
0 50 100 150 200 250 300 3500
0.01
0.02
0.03
0.04
0.05
 (deg)φ0 50 100 150 200 250 300 350
0
0.01
 (deg)φ
0 50 100 150 200 250 300 3500
0.01
0.02
 (deg)φ0 50 100 150 200 250 300 350
0
0.01
0.02
0.03
 (deg)φ0 50 100 150 200 250 300 350
0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
 (deg)φ
0 50 100 150 200 250 300 3500
0.01
0.02
0.03
0.04
0.05
 (deg)φ
0 50 100 150 200 250 300 3500
0.01
0.02
0.03
 (deg)φ
0 50 100 150 200 250 300 3500
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
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 (deg)φ0 50 100 150 200 250 300 350
-0.03
-0.02
-0.01
0
0.01
0.02
0.03
0.04
 (deg)φ0 50 100 150 200 250 300 350
-0.04
-0.02
0
0.02
0.04
 (deg)φ0 50 100 150 200 250 300 350
-0.01
-0.008
-0.006
-0.004
-0.002
0
0.002
0.004
 (deg)φ0 50 100 150 200 250 300 350
-0.02
-0.01
0
0.01
0.02
0.03
0.04
 (deg)φ
0 50 100 150 200 250 300 350
-0.04
-0.02
0
0.02
0.04
0.06
0.08
0.1
0.12
 (deg)φ
0 50 100 150 200 250 300 350
-0.06
-0.04
-0.02
-0
0.02
0.04
 (deg)φ
0 50 100 150 200 250 300 350-0.025
-0.02
-0.015
-0.01
-0.005
0
0.005
0.01
0.015
0.02
 (deg)φ
0 50 100 150 200 250 300 350-0.02
-0.01
0
0.01
0.02
0.03
 (deg)φ0 50 100 150 200 250 300 350
-0.06
-0.04
-0.02
0
0.02
0.04
0.06
0.08
 (deg)φ0 50 100 150 200 250 300 350
-0.2
-0.15
-0.1
-0.05
-0
0.05
 (deg)φ0 50 100 150 200 250 300 350
-0.04
-0.02
0
0.02
0.04
0.06
 (deg)φ0 50 100 150 200 250 300 350
-0.25
-0.2
-0.15
-0.1
-0.05
0
0.05
0.1
 (deg)φ
0 50 100 150 200 250 300 350-0.1
-0.08
-0.06
-0.04
-0.02
0
0.02
0.04
0.06
0.08
 (deg)φ
0 50 100 150 200 250 300 350
-0.06
-0.04
-0.02
0
0.02
0.04
0.06
 (deg)φ
0 50 100 150 200 250 300 350
-0.6
-0.4
-0.2
0
0.2
0.4
2
 , pour 0,6<-t<1 GeVΦ ) en fonction de   4 (nb/GeV
Φ dt dB dx
 2dQ
L
σ
 4d
  - 
Φ dt dB dx
 2dQ
R
σ
 4d
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(G
eV
2
Q
1
1.5
2
2.5
3
3.5
4
4.5
Bx
0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55
 (deg)φ
0 50 100 150 200 250 300 350
-0.002
-0.001
0
0.001
0.002
0.003
0.004
 (deg)φ
0 50 100 150 200 250 300 350
-0.008
-0.006
-0.004
-0.002
0
0.002
0.004
 (deg)φ
0 50 100 150 200 250 300 350
-0.004
-0.003
-0.002
-0.001
0
0.001
0.002
0.003
 (deg)φ0 50 100 150 200 250 300 350
-0.02
-0.015
-0.01
-0.005
0
0.005
0.01
0.015
0.02
0.025
 (deg)φ0 50 100 150 200 250 300 350
-0.02
-0.015
-0.01
-0.005
0
0.005
0.01
0.015
 (deg)φ0 50 100 150 200 250 300 350
-0.008
-0.006
-0.004
-0.002
0
0.002
0.004
0.006
0.008
 (deg)φ0 50 100 150 200 250 300 350
-0.02
-0.01
0
0.01
0.02
0.03
0.04
 (deg)φ0 50 100 150 200 250 300 350
-0.02
-0.01
0
0.01
0.02
0.03
 (deg)φ0 50 100 150 200 250 300 350
-0.01
-0.008
-0.006
-0.004
-0.002
0
0.002
0.004
0.006
0.008
 (deg)φ0 50 100 150 200 250 300 350
-0.3
-0.25
-0.2
-0.15
-0.1
-0.05
0
 (deg)φ
0 50 100 150 200 250 300 350-0.02
-0.01
0
0.005
0.01
0.015
 (deg)φ
0 50 100 150 200 250 300 350
-0.01
0
0.005
0.01
 (deg)φ
0 50 100 150 200 250 300 350
-0.02
-0.01
0
0.01
0.02
0.03
0.04
0.05
 (deg)φ
0 50 100 150 200 250 300 350
-0.03
-0.02
-0.01
0
0.01
0.02
0.03
0.04
 (deg)φ0 50 100 150 200 250 300 350
-0.02
-0.01
0
0.005
0.01
0.015
0.02
 (deg)φ0 50 100 150 200 250 300 350
-0.01
-0
0.005
0.01
 (deg)φ0 50 100 150 200 250 300 350
-0.03
-0.02
-0.01
-0
0.01
0.02
 (deg)φ0 50 100 150 200 250 300 350
-0.2
-0.15
-0.1
-0.05
-0
0.05
 (deg)φ
0 50 100 150 200 250 300 350-0.04
-0.03
-0.02
-0.01
0
0.01
0.02
0.03
 (deg)φ
0 50 100 150 200 250 300 350
-0.02
-0.01
0
0.005
0.01
0.015
 (deg)φ
0 50 100 150 200 250 300 350
-0.4
-0.3
-0.2
-0.1
-0
0.1
0.2
0.3
2
 , pour 1<-t<1,5 GeVΦ ) en fonction de   4 (nb/GeV
Φ dt dB dx
 2dQ
L
σ
 4d
  - 
Φ dt dB dx
 2dQ
R
σ
 4d
)2
 
(G
eV
2
Q
1
1.5
2
2.5
3
3.5
4
4.5
Bx
0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55
 (deg)φ
0 50 100 150 200 250 300 350
-0.0015
-0.001
-0.0005
0
0.0005
0.001
0.0015
0.002
 (deg)φ
0 50 100 150 200 250 300 350
-0.005
0
0.005
0.01
0.015
0.02
0.025
0.03
 (deg)φ
0 50 100 150 200 250 300 350
-0.004
-0.003
-0.002
-0.001
0
0.001
0.002
 (deg)φ0 50 100 150 200 250 300 350
-0.008
-0.006
-0.004
-0.002
0
0.002
0.004
0.006
0.008
0.01
 (deg)φ0 50 100 150 200 250 300 350
-0.012
-0.01
-0.008
-0.006
-0.004
-0.002
0
0.002
0.004
0.006
 (deg)φ0 50 100 150 200 250 300 350
-0.004
-0.003
-0.002
-0.001
0
0.001
0.002
0.003
0.004
0.005
 (deg)φ0 50 100 150 200 250 300 350
-0.01
0
0.005
0.01
 (deg)φ0 50 100 150 200 250 300 350
-0.005
-0.004
-0.003
-0.002
-0.001
0
0.001
0.002
0.003
 (deg)φ0 50 100 150 200 250 300 350
-0.008
-0.006
-0.004
-0.002
0
0.002
0.004
0.006
0.008
 (deg)φ0 50 100 150 200 250 300 350
-0.02
-0.015
-0.01
-0.005
0
0.005
0.01
0.015
0.02
 (deg)φ
0 50 100 150 200 250 300 350
0
0.002
0.004
0.006
0.008
0.01
0.012
 (deg)φ
0 50 100 150 200 250 300 350
0
0.002
0.004
0.006
 (deg)φ
0 50 100 150 200 250 300 350-0.005
-0.004
-0.003
-0.002
-0.001
0
0.001
0.002
0.003
0.004
 (deg)φ
0 50 100 150 200 250 300 350
-0.01
-0.005
0
0.005
0.01
0.015
 (deg)φ0 50 100 150 200 250 300 350
-0.01
-0
0.005
0.01
 (deg)φ0 50 100 150 200 250 300 350
0
0.002
0.004
0.006
0.008
0.01
0.012
 (deg)φ0 50 100 150 200 250 300 350
0
0.005
0.01
0.015
0.02
0.025
 (deg)φ0 50 100 150 200 250 300 350
-0.02
-0.01
0
0.01
0.02
0.03
0.04
0.05
0.06
 (deg)φ
0 50 100 150 200 250 300 350
-0.06
-0.05
-0.04
-0.03
-0.02
-0.01
0
0.01
0.02
 (deg)φ
0 50 100 150 200 250 300 350
-0.01
0
0.005
0.01
0.015
 (deg)φ
0 50 100 150 200 250 300 350
-0.06
-0.04
-0.02
0
0.02
0.04
0.06
0.08
0.1
0.12
2
 , pour 1,5<-t<2 GeVΦ ) en fonction de   4 (nb/GeV
Φ dt dB dx
 2dQ
L
σ
 4d
  - 
Φ dt dB dx
 2dQ
R
σ
 4d
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(G
eV
2
Q
1
1.5
2
2.5
3
3.5
4
4.5
Bx
0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55
 (deg)φ0 50 100 150 200 250 300 3500
0.05
0.1
0.15
0.2
0.25
 (deg)φ0 50 100 150 200 250 300 3500
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
 (deg)φ0 50 100 150 200 250 300 3500
0.02
0.04
0.06
0.08
0.1
0.12
 (deg)φ
0 50 100 150 200 250 300 3500
0.2
0.4
0.6
0.8
1
1.2
1.4
 (deg)φ
0 50 100 150 200 250 300 3500
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
 (deg)φ
0 50 100 150 200 250 300 3500
0.02
0.04
0.06
0.08
0.1
0.12
 (deg)φ0 50 100 150 200 250 300 3500
0.5
1
1.5
2
2.5
3
3.5
4
 (deg)φ0 50 100 150 200 250 300 3500
0.2
0.4
0.6
0.8
1
1.2
1.4
 (deg)φ0 50 100 150 200 250 300 3500
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
 (deg)φ0 50 100 150 200 250 300 3500
0.05
0.1
0.15
0.2
0.25
 (deg)φ
0 50 100 150 200 250 300 3500
1
2
3
4
5
6
7
 (deg)φ
0 50 100 150 200 250 300 3500
1
2
3
4
5
 (deg)φ
0 50 100 150 200 250 300 3500
0.5
1
1.5
2
2.5
3
3.5
2
 , pour 0,09<-t<0,2 GeVΦ ) en fonction de   4 (nb/GeV
Φ dt dB dx
 2dQ
γ ep →ep σ
 4d
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(G
eV
2
Q
1
1.5
2
2.5
3
3.5
4
4.5
Bx
0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55
 (deg)φ
0 50 100 150 200 250 300 3500
0.005
0.01
0.015
0.02
0.025
0.03
0.035
0.04
 (deg)φ0 50 100 150 200 250 300 3500
0.02
0.04
0.06
0.08
0.1
0.12
0.14
 (deg)φ0 50 100 150 200 250 300 3500
0.005
0.01
0.015
0.02
0.025
0.03
0.035
 (deg)φ0 50 100 150 200 250 300 3500
0.2
0.4
0.6
0.8
1
1.2
 (deg)φ0 50 100 150 200 250 300 3500
0.02
0.04
0.06
0.08
0.1
0.12
0.14
 (deg)φ0 50 100 150 200 250 300 3500
0.005
0.01
0.015
0.02
0.025
 (deg)φ
0 50 100 150 200 250 300 3500
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
 (deg)φ
0 50 100 150 200 250 300 3500
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
 (deg)φ
0 50 100 150 200 250 300 3500
0.02
0.04
0.06
0.08
0.1
0.12
 (deg)φ
0 50 100 150 200 250 300 3500
0.005
0.01
0.015
0.02
0.025
0.03
0.035
0.04
0.045
 (deg)φ0 50 100 150 200 250 300 3500
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
 (deg)φ0 50 100 150 200 250 300 3500
0.2
0.4
0.6
0.8
1
1.2
 (deg)φ0 50 100 150 200 250 300 3500
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
 (deg)φ0 50 100 150 200 250 300 3500
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.18
0.2
 (deg)φ
0 50 100 150 200 250 300 3500
0.2
0.4
0.6
0.8
1
1.2
1.4
 (deg)φ
0 50 100 150 200 250 300 3500
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
 (deg)φ
0 50 100 150 200 250 300 3500
0.2
0.4
0.6
0.8
1
1.2
1.4
2
 , pour 0,2<-t<0,4 GeVΦ ) en fonction de   4 (nb/GeV
Φ dt dB dx
 2dQ
γ ep →ep σ
 4d
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(G
eV
2
Q
1
1.5
2
2.5
3
3.5
4
4.5
Bx
0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55
 (deg)φ
0 50 100 150 200 250 300 3500
0.02
0.04
0.06
0.08
0.1
 (deg)φ
0 50 100 150 200 250 300 3500
0.001
0.002
0.003
0.004
0.005
0.006
0.007
0.008
0.009
 (deg)φ
0 50 100 150 200 250 300 3500
0.005
0.01
0.015
0.02
0.025
 (deg)φ
0 50 100 150 200 250 300 3500
0.001
0.002
0.003
0.004
0.005
0.006
0.007
0.008
0.009
 (deg)φ0 50 100 150 200 250 300 3500
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
 (deg)φ0 50 100 150 200 250 300 3500
0.005
0.01
0.015
0.02
0.025
0.03
 (deg)φ0 50 100 150 200 250 300 3500
0.001
0.002
0.003
0.004
0.005
0.006
0.007
0.008
0.009
 (deg)φ0 50 100 150 200 250 300 3500
0.05
0.1
0.15
0.2
0.25
0.3
 (deg)φ0 50 100 150 200 250 300 3500
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
 (deg)φ0 50 100 150 200 250 300 3500
0.005
0.01
0.015
0.02
0.025
 (deg)φ
0 50 100 150 200 250 300 3500
0.1
0.2
0.3
0.4
0.5
0.6
 (deg)φ
0 50 100 150 200 250 300 3500
0.1
0.2
0.3
0.4
0.5
 (deg)φ
0 50 100 150 200 250 300 3500
0.02
0.04
0.06
0.08
0.1
 (deg)φ
0 50 100 150 200 250 300 3500
0.005
0.01
0.015
0.02
0.025
0.03
0.035
0.04
 (deg)φ0 50 100 150 200 250 300 3500
0.1
0.2
0.3
0.4
0.5
0.6
0.7
 (deg)φ0 50 100 150 200 250 300 3500
0.2
0.4
0.6
0.8
1
1.2
 (deg)φ0 50 100 150 200 250 300 3500
0.1
0.2
0.3
0.4
0.5
 (deg)φ0 50 100 150 200 250 300 3500
0.05
0.1
0.15
0.2
0.25
 (deg)φ
0 50 100 150 200 250 300 3500
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
 (deg)φ
0 50 100 150 200 250 300 3500
0.1
0.2
0.3
0.4
0.5
0.6
0.7
 (deg)φ
0 50 100 150 200 250 300 3500
0.2
0.4
0.6
0.8
1
2
 , pour 0,4<-t<0,6 GeVΦ ) en fonction de   4 (nb/GeV
Φ dt dB dx
 2dQ
γ ep →ep σ
 4d
)2
 
(G
eV
2
Q
1
1.5
2
2.5
3
3.5
4
4.5
Bx
0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55
 (deg)φ
0 50 100 150 200 250 300 3500
0.02
0.04
0.06
0.08
0.1
 (deg)φ
0 50 100 150 200 250 300 3500
0.001
0.002
0.003
0.004
0.005
0.006
 (deg)φ
0 50 100 150 200 250 300 3500
0.005
0.01
0.015
0.02
0.025
 (deg)φ
0 50 100 150 200 250 300 3500
0.001
0.002
0.003
0.004
0.005
0.006
0.007
0.008
 (deg)φ0 50 100 150 200 250 300 3500
0.005
0.01
0.015
0.02
0.025
0.03
0.035
 (deg)φ0 50 100 150 200 250 300 3500
0.002
0.004
0.006
0.0080.01
0.012
0.014
0.0160.018
0.02
0.022
 (deg)φ0 50 100 150 200 250 300 3500
0.002
0.004
0.006
0.008
0.01
 (deg)φ0 50 100 150 200 250 300 3500
0.01
0.02
0.03
0.04
0.05
 (deg)φ0 50 100 150 200 250 300 3500
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
 (deg)φ0 50 100 150 200 250 300 3500
0.002
0.0040.006
0.0080.01
0.0120.014
0.0160.018
0.020.022
0.024
 (deg)φ0 50 100 150 200 250 300 3500
0.002
0.004
0.006
0.008
0.01
0.012
0.014
0.016
0.018
0.02
 (deg)φ
0 50 100 150 200 250 300 3500
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
 (deg)φ
0 50 100 150 200 250 300 3500
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
 (deg)φ
0 50 100 150 200 250 300 3500
0.02
0.04
0.06
0.08
0.1
 (deg)φ
0 50 100 150 200 250 300 3500
0.005
0.01
0.015
0.02
0.025
0.03
0.035
0.04
0.045
 (deg)φ0 50 100 150 200 250 300 3500
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.180.2
0.22
 (deg)φ0 50 100 150 200 250 300 3500
0.05
0.1
0.15
0.2
0.25
 (deg)φ0 50 100 150 200 250 300 3500
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.18
0.2
 (deg)φ0 50 100 150 200 250 300 3500
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
 (deg)φ
0 50 100 150 200 250 300 3500
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
 (deg)φ
0 50 100 150 200 250 300 3500
0.05
0.1
0.15
0.2
0.25
0.3
 (deg)φ
0 50 100 150 200 250 300 3500
0.05
0.1
0.15
0.2
0.25
0.3
0.35
2
 , pour 0,6<-t<1 GeVΦ ) en fonction de   4 (nb/GeV
Φ dt dB dx
 2dQ
γ ep →ep σ
 4d
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(G
eV
2
Q
1
1.5
2
2.5
3
3.5
4
4.5
Bx
0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55
 (deg)φ
0 50 100 150 200 250 300 3500
0.001
0.002
0.003
0.004
0.005
0.006
 (deg)φ
0 50 100 150 200 250 300 3500
0.002
0.004
0.006
0.008
0.01
0.012
0.014
0.016
0.018
 (deg)φ
0 50 100 150 200 250 300 3500
0.001
0.002
0.003
0.004
0.005
0.006
0.007
 (deg)φ0 50 100 150 200 250 300 3500
0.0020.004
0.0060.008
0.010.012
0.0140.016
0.018
0.020.022
0.024
 (deg)φ0 50 100 150 200 250 300 3500
0.002
0.004
0.006
0.008
0.01
0.012
0.014
0.016
0.018
 (deg)φ0 50 100 150 200 250 300 3500
0.002
0.004
0.006
0.008
0.01
0.012
 (deg)φ0 50 100 150 200 250 300 3500
0.01
0.02
0.03
 (deg)φ0 50 100 150 200 250 300 3500
0.005
0.01
0.015
0.02
0.025
 (deg)φ0 50 100 150 200 250 300 3500
0.002
0.0040.006
0.0080.01
0.012
0.0140.016
0.0180.02
0.022
 (deg)φ0 50 100 150 200 250 300 3500
0.02
0.04
0.06
0.08
0.1
0.12
 (deg)φ
0 50 100 150 200 250 300 3500
0.01
0.02
0.03
0.04
 (deg)φ
0 50 100 150 200 250 300 3500
0.01
0.02
0.03
 (deg)φ
0 50 100 150 200 250 300 3500
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
 (deg)φ
0 50 100 150 200 250 300 3500
0.01
0.02
0.03
0.04
0.05
0.06
0.07
 (deg)φ0 50 100 150 200 250 300 3500
0.01
0.02
0.03
0.04
0.05
0.06
 (deg)φ0 50 100 150 200 250 300 3500
0.01
0.02
0.03
0.04
0.05
0.06
 (deg)φ0 50 100 150 200 250 300 3500
0.01
0.02
0.03
0.04
0.05
0.06
0.07
 (deg)φ0 50 100 150 200 250 300 3500
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.18
0.2
 (deg)φ
0 50 100 150 200 250 300 3500
0.02
0.04
0.06
0.08
0.1
0.12
 (deg)φ
0 50 100 150 200 250 300 3500
0.02
0.04
0.06
0.08
0.1
 (deg)φ
0 50 100 150 200 250 300 3500
0.05
0.1
0.15
0.2
0.25
0.3
2
 , pour 1<-t<1,5 GeVΦ ) en fonction de   4 (nb/GeV
Φ dt dB dx
 2dQ
γ ep →ep σ
 4d
)2
 
(G
eV
2
Q
1
1.5
2
2.5
3
3.5
4
4.5
Bx
0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55
 (deg)φ
0 50 100 150 200 250 300 3500
0.001
0.002
0.003
 (deg)φ
0 50 100 150 200 250 300 3500
0.002
0.004
0.006
0.008
0.01
0.012
0.014
0.016
0.018
 (deg)φ
0 50 100 150 200 250 300 3500
0.001
0.002
0.003
0.004
0.005
 (deg)φ0 50 100 150 200 250 300 3500
0.002
0.004
0.006
0.008
0.01
 (deg)φ0 50 100 150 200 250 300 3500
0.001
0.002
0.003
0.004
0.005
0.006
0.007
0.008
0.009
 (deg)φ0 50 100 150 200 250 300 3500
0.001
0.002
0.003
0.004
0.005
 (deg)φ0 50 100 150 200 250 300 3500
0.01
 (deg)φ0 50 100 150 200 250 300 3500
0.001
0.002
0.003
0.004
0.005
0.006
0.007
0.008
0.009
 (deg)φ0 50 100 150 200 250 300 3500
0.002
0.004
0.006
0.008
0.01
0.012
0.014
0.016
0.018
0.02
 (deg)φ0 50 100 150 200 250 300 3500
0.002
0.004
0.006
0.008
0.01
 (deg)φ
0 50 100 150 200 250 300 3500
0.01
 (deg)φ
0 50 100 150 200 250 300 3500
0.01
 (deg)φ
0 50 100 150 200 250 300 3500
0.002
0.004
0.006
0.008
0.01
0.012
0.014
0.016
0.018
0.02
 (deg)φ
0 50 100 150 200 250 300 3500
0.005
0.01
0.015
0.02
0.025
0.03
 (deg)φ0 50 100 150 200 250 300 3500
0.01
 (deg)φ0 50 100 150 200 250 300 3500
0.01
 (deg)φ0 50 100 150 200 250 300 3500
0.01
0.02
 (deg)φ0 50 100 150 200 250 300 3500
0.005
0.01
0.015
0.02
0.025
0.03
0.035
0.04
 (deg)φ
0 50 100 150 200 250 300 3500
0.01
0.02
0.03
0.04
 (deg)φ
0 50 100 150 200 250 300 3500
0.01
0.02
0.03
 (deg)φ
0 50 100 150 200 250 300 3500
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